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SUMMARY 
The Technology Ut i l iza t ion  House of  the Nat ional  Aeronaut ics  and Space 
Adminis t ra t ion (NASA Tech  House)  demonst ra tes  the  poten t ia l  capabi l i ty  of  new 
bui ld ing  cons t ruc t ion  techniques  and  new technologies  and materials to conserve 
energy and water . resources .  A s  a basic goal for  the  house ,  the  added  inves t -  
ments made for  energy and conservat ion systems were expected to be cost effec- 
t i v e  s i n c e  t h e  s a v i n g s  r e a l i z e d  were expected to repay the investments  within 
a 20-yr period. 
The Tech House was designed and b u i l t  a t  NASA Langley Research Center  in  
Hampton, Vi rg in ia .   Cons t ruc t ion  was completed dur ing  1976. From Augus t  1977 
t o  August 1978, the  house  was eva lua ted  unde r  ac tua l  l i v ing  cond i t ions  wh i l e  
se rv ing  as t h e  r e s i d e n c e  f o r  a fami ly  of four.   During  the  year,   performance 
d a t a  were automatical ly  measured and recorded for  use in  evaluat ing the house 
and its t echno logy   f ea tu re s .   In   add i t ion ,   da i ly   r ead ings  were taken  of t o t a l  
electrical energy consumption and run time of major equipment, and water usage 
was monitored twice a week. 
The energy consumption of the house was expected to be about  one-third 
t h a t  o f  a convent ional  house (ref .  1 ) , whereas the water usage was expected to 
be reduced  between 45 and 50 percent ,  with most of the reduct ion  due to gray- 
water reuse and the remaining reduct ion due to water -sav ing  f ix tures .  
With only  minor  opera t iona l  problems, a l l  house systems functioned as 
designed. The total energy u s e  f o r  t h e  1-yr period f o r  t h e  l i v e - i n  f a m i l y  
was less than  ha l f  t he  amount e s t ima ted  fo r  t he  r e fe rence  house .  Total water 
u s e  was abou t  33 percen t  less t h a n  t h a t  estimated for the reference house.  
Many of  the  new technology systems performed as expected: however, the total  
energy provided by solar collectors was reduced by a colder-than-normal winter,  
coupled with less than  normal  ava i lab le  solar e n e r g y  i n  t h e  f a l l .  
Much was l ea rned  a b o u t  f a m i l y  l i f e s t y l e  and its e f fec t  on  sys t em des ign  
and  component s i z i n g .  The basic project o b j e c t i v e s  were r e a l i z e d  i n  t h a t  data 
and ope ra t iona l  expe r i ence  were obtained under  normal  l iving condi t ions,  
e n a b l i n g  a n a l y s i s  of v a r i a t i o n s  from t h e  predicted performance. The con- 
c l u s i o n s  t h a t  c a n  b e  drawn as to why a par t icu lar  technology per formed d i f -  
f e r e n t l y  from expecta t ions  proved  to  be j u s t  as important  as da ta  which ve r i -  
f i e d  predicted performance. 
INTRODUCTION 
The o i l  embargo imposed by OPEC from 1973 to 1974 focused  na t iona l  a t t en -  
t i o n  o n  t h e  n a t i o n ' s  e n e r g y  demands and on the need to conserve expendable 
fos s i l - fue l   r e sources   and  to deve lop   a l t e rna te   sou rces .   In   examin ing   t he  
p o t e n t i a l  f o r  c o n s e r v a t i o n ,  NASA considered that  the technology developed for 
the  space programs, which involved  the  u s e  of solar energy, water r ecyc l ing  
systems, advanced materials, and  e l ec t ron ic s ,  shou ld  be adaptable to va r ious  
publ ic -sec tor  problems. To i l l u s t r a t e  t h e  u t i l i t y  and   benef i t s   o f   these   t ech- .  
no logies ,   var ious   demonst ra t ion  projects were i n i t i a t e d .  The NASA Technology 
U t i l i z a t i o n  House, or Tech House, was one  such project. I n  1974, t h e  NASA 
Langley Research Center,  supported by the  Off ice  of  Technology Ut i l iza t ion , .  
proposed a demonstrat ion project - o n e  t h a t  would apply  new technologies ,  
inc luding  aerospace technology,  where feasible  to the home-building industry.  
Al though cons idera t ion  was g iven  to a program t h a t  would eva lua te  va r ious  fea- 
t u r e s  or subsystems independent ly  (a normal research approach),  the concept 
which evolved and which was accepted was t h a t  of  designing and construct ing 
a demonstration  house for e v a l u a t i o n  i n  a "real-world environment." The prac- 
t ical  demonstrat ion of solar energy systems, energy- and water-conservation 
des ign   concepts ,   sa fe ty ,   and   secur i ty   t echnology was a bas i c   ob jec t ive .  It  
was i n t e n d e d  t h a t  t h e  added cost of any incorporated energy- and water- 
conse rva t r ion  t echno logy  f ea tu res  would prove to be cost e f f e c t i v e  f o r  t h e  
homeowner Over a 20-yr period. In   add i t ion ,  a l l  demonstrated  technology 
was expected to be commerc ia l ly  ava i lab le  wi th in  5 yr .  With this  approach,  
t h e  Tech House project began in August 1974. 
Project ob jec t ives ,  b road ly  stated, were ( 1 )  to design and construct  a 
s ingle- fami ly  de tached  dwel l ing  to demonst ra te  the  appl ica t ion  of  NASA aero- 
space , government ,  and  o ther  indus t r ia l  t echnology to advance the bui lding 
i n d u s t r y  i n  r e s i d e n t i a l  c o n s t r u c t i o n  a n d  ( 2 )  to inf luence  fu ture  deve lopment  
i n  home c o n s t r u c t i o n  by de f in ing  the  in t e rac t ion  o f  i n t eg ra t ed  ene rgy-  and  
water-management systems and other  advanced technologies  with bui lding con- 
f igu ra t ions   and   cons t ruc t ion  materials. Implicit in   t hese   b road   ob jec t ives  
was t h e  desire to  reduce  the  annua l  cost o f  r e s i d e n t i a l  l i v i n g  by u t i l i z i n g  
a l t e r n a t e  e n e r g y  s o u r c e s  which could also e l i m i n a t e  or reduce the  demand f o r  
energy generated by fossil f u e l :  t o  .reduce the consumption of water by incor-  
porating water-reuse features:  and to demonstrate  the use of  improved bui lding 
materials and  cons t ruc t ion  techniques .  
S h o r t l y  after project incept ion,  an ad hoc committee was formed to estab- 
l i s h  g u i d e l i n e s ,  assist in  genera t ing  and  screening  ideas, and  eva lua te  var i -  
ous design features. Chaired by NASA Langley  personnel ,   the  committee included 
representat ives  of  the Department  of Housing and Urban Development (HUD) , 
National Bureau of Standards,  Consumer Products S a f e t y  Commission, Nat iona l  
Associat ion of  Home Builders Research Foundation, Inc. ,  NASA Headquarters, 
NASA Johnson Space Center ,  NASA Ames  Research Center, and NASA Marshal l  Space 
F l igh t  Cen te r .  Under t h e  g e n e r a l  d i r e c t i o n  o f  t h e  committee, u n i v e r s i t y  s t u d i e s  
were conducted to eva lua te   candida te   t echnology ideas. An arch i tec t -engineer  
c o n t r a c t o r  team was engaged to conduct  t rade-of f  s tud ies ,  to assist i n ' t h e  
s e l e c t i o n  of materials and subsystems, to prepare candidate  designs,  and to 
produce  cons t ruc t ion  drawings  of  the  se lec ted  des ign .  Various des igns  were 
eva lua ted  before a s ing le - l eve l  modular home was selected i n  mid-1975. 
I t  was r e c o g n i z e d  e a r l y  i n  t h e  project t h a t  a proper performance evalu- 
a t i o n  o f  t h e  Tech  House  would requi re  an  ex tens ive  ins t rumenta t ion  and  data- 
co l l ec t ion  sys t em as well as a comparison with a conventional contemporary house 
An e x i s t i n g  HUD s tudy of  home energy and water u s e  in the Baltimore-Washington 
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area formed t h e  basis for r e fe rence  va lues  of energy and water use  in  a compar- 
a b l y  s i z e d  d w e l l i n g  ( r e f .  1 )  . 
After  cons t ruc t ion  approval  was g r a n t e d  i n  November 1975,  the  Tech  House was 
b u i l t  dur ing  the  la te  winter  and spr ing.  It was completed in  June  1976 and  was 
opened f o r  p u b l i c  i n s p e c t i o n  i n  J u l y  1976 for a 1-yr period. During this time, 
the house,  along with its various subsystems and controls ,  was checked o u t ,  and 
changes were made as needed to a s su re  ope ra t iona l  r ead iness  fo r  t he  p l anned  
1 -yr l i ve - in  test ( r e f .  2)  . 
I n  mid-August 1977, a family of four moved i n t o  the  house  for a 1 -yr  l ive-  
in   experiment .   Throughout   the  year ,   the   house  and i ts  various  subsystems  and 
key components were m n i t o r e d  by an  ex tens ive  da ta -co l lec t ion  sys tem located 
i n  t h e  garage.  Although  automatic data c o l l e c t i o n  was i n t e r r u p t e d  b r i e f l y  a t  
times during the year,  enough data were collected for s a t i s f a c t o r y  e v a l u a t i o n  
of the  systems.  Data from t h i s  l i v e - i n  test form t h e  b a s i s  for the  performance 
e v a l u a t i o n  p r e s e n t e d  i n  t h i s  report. After comple t ion   of   the   l ive- in  test, 
the house was again opened to the  publ ic  in  October  1978 and ,  a t  t h i s  w r i t i n g ,  
cont inues  to  be a v a i l a b l e  for pub l i c  i n spec t ion  on a d a i l y  basis.  
Volume I1 of t h i s  report i n c l u d e s  d a i l y  meter r ead ings ,  no i se - t e s t  results,  
weather data, and other  information needed for  complete a n a l y s i s  of t h e  t e s t  
resul ts .  
Ce r t a in  commercial materials and products  are i d e n t i f i e d  i n  t h i s  paper i n  
order to s p e c i f y  a d e q u a t e l y  t h e  o n e s  i n v e s t i g a t e d  i n  t h e  r e s e a r c h  e f f o r t .  I n  
no case  does such identification imply recommendation or endorsement of t h e  
materials or products  by NASA, nor does it imply t h a t  they are n e c e s s a r i l y  
the  only  ones or t h e  b e s t  o n e s  a v a i l a b l e  f o r  t h e  purpose. I n  many cases 
equ iva len t  materials and products  are a v a i l a b l e  and  would probably produce 
e q u i v a l e n t  r e s u l t s .  
The r equ i r emen t  t ha t  t he  In t e rna t iona l  Sys t em o f  Un i t s  (SI)  be used  in  NASA 
r epor t s  has  been waived because the house was designed and cons t ruc ted  us ing  
U.S. Customary  Units and because  the  report is in tended  for  u s e  by t h e  g e n e r a l  
p u b l i c  and the  bu i ld ing  indus t ry ,  bo th  of which  use U.S. Customary  Units. How- 
ever ,  a table for  convers ion  of U.S. Customary  Units to SI  Uni t s  is given a s  
an  append i x  . 
TECH HOUSE DESIGN 
GENERAL DESCRIPTION 
The  Tech House is a s ing le - l eve l  home of contemporary design, comprised of 
t h ree  in t e rconnec ted  squa re  mdules which make up t h e  l i v i n g  area and an at tached 
ga rage   ( f ig .  1 ) .  Each module is covered by independent  gabled roofs. The 
modules are in te rconnec ted  by flat-roof passageways.  
of two 729-ft 5 mdules connected by a 7 - f t  f o y e r ,  w i t h  e n t r y  v e s t i b u l e s  f r o n t  A f l o o r   l a n   o f  t he  house is shown i n   f i g u r e  2. The l i v i n g  space c o n s i s t s  
3 
F i g u r e  1.- NASA Tech  House. 
c a 
L-79-4210 
F i g u r e  2.- Tech  House floor plan. 
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and rear, for a to t a l  area of n e a r l y  1650 f t 2 .  The no r th  module inc ludes  the  
l i v i n g  room, d in ing  area, and ki tchen;  the south module con ta ins  th ree  bedrooms 
and  the two bathrooms. The garage,  some 441 f t 2 ,  is s i t u a t e d  east of,  and con- 
nected to, the  nor th  module by a ves t ibu le .  
Gab le  s ty l e  roo f s  cove r  the  th ree  modules.  Eighteen  3-ft by 8 - f t  solar 
pane l s  ( f ig .  3) are mounted on t h e  two main  south-facing roof exposures  to  
supply energy,  in  the form of solar-heated water, to  the  home's space hea t ing  
F igure  3. -  Tech House solar panels .  
system  and to  i t s  domestic  hot-water  supply  system. An a r ray  o f  r ad ia to r  pane l s  
is p laced  on the  nor th  slope of  the garage roof ( f i g .  4 ) ;  t hese  pane l s  were 
provided to  coo l  s to rage  water heated by t h e  h e a t  pumps when the system is 
ope ra t ing  in  the  a i r - cond i t ion ing  mode. 
The roo f s  con ta in  l a rge  louve r s  a t  e i the r  end  to  provide a t t i c  v e n t i l a t i o n .  
Large south-facing windows allow pass ive  solar hea t ing  in  win te r ,  and a roof 
overhang  shades  these windows i n  summer to reduce solar ga in .  Exterior retract- 
a b l e  s h u t t e r s  are i n s t a l l e d  a t  a l l  window l o c a t i o n s  to  reduce heat  loss i n  w i n t e r  
and heat  gain in  summer. 
The fea tured  technology inc ludes  large subsystems as  well as miscel laneous 
items of g e n e r a l  u t i l i t y .  The major t echno logy  f ea tu res  are i n t e g r a t e d  i n t o  
the fundamental  design of the  house  and  inc lude  bas i c  s t ruc tu ra l  f ea tu re s ,  
solar-energy systems for domestic hat  water  and space heat ing,  and a water- 
reuse  system.  These  technologies w i l l  b e  d i s c u s s e d  i n  d e t a i l  i n  t h e  s e c t i o n  
en t i t l ed  "Sys tems."  
5 
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Figure  4.- Radiator  panels .  
The miscel laneous technology items c o n s i s t  of emergency l i g h t i n g ,  a special 
s e c u r i t y  system, f l a t  c o n d u c t o r  e lectr ical  cable, l i gh t -bu lb  l i f e  ex tenders ,  
and a tornado-detection  device.   These items are not  fundamental to the  house 
des ign ,  bu t  i n s t ead  a re  inco rpora t ed  fo r  gene ra l  demons t r a t ion  and q u a l i t a t i v e  
evaluation.  These  technology items are b r i e f l y   d e s c r i b e d   i n   t h e   f o l l o w i n g  
paragraphs . 
Emergency Light ing  
Low-power (6-W) f l u o r e s c e n t  lamp f i x t u r e s   ( f i g .  5) a r e   s i t u a t e d   i n  three 
l o c a t i o n s  (i.e.,  l i v i n g  room, kitchen,  and  in  the  bedroom-area  hallway). The 
emergency l i g h t  system is powered by a s tandard  12-V automotive battery which 
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is charged by a small solar-cell array located on the garage roof (fig. 6 ) .  
The emergency l i g h t s  are automatically energized when local  ut i l i ty  e lectr ical  
power is interrupted. 
L-76-5831 
Figure 6.- Solar-cell array for emergency lighting system. 
Secur i t y 
The primary system for interior security incorporates an audible alarm when 
there is attempted intrusion through doors or window screens or when pressure- 
sensitive pads (fig. 7)  are treaded upon.  The system is armed  by entering a 
L-76-3959 
Figure 7.- Pressure-sensitive pads  of security system. 
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coded set of numbers i n t o  one of t h e  e n t r a n c e - a r e a  d i g i t a l  p a n e l s  ( f i g .  8 ) .  A 
p r e s e t  time de lay  allows time for the  fami ly  to e x i t  and en te r  w i thou t  ac t iva t -  
i ng   t he  alarm. Secondary   secur i ty   fea tures   inc lude  seismic detectors implanted 
i n  t h e  lawn to provide a t r e s p a s s  a l e r t  to an F'M radio, a pocket -s ize  sonic  
t r a n s m i t t e r  to remotely actuate t h e  f r o n t - e n t r a n c e  l i g h t ,  a s t anda rd  ion iza t ion -  
type smoke d e t e c t o r ,  and self- locking exter ior  door  hinges which prevent  doors  
from being removed when h inge  p ins  are ex t r ac t ed .  
@ '  
. . .  
L-76-4033 
Figure  8.- E n t r a n c e - a r e a  d i g i t a l  c o n t r o l  p a n e l  of secur i ty  sys tem.  
F la t  Conductor  Elec t r ica l  Cable  
Baseboard-mounted f l a t  c o n d u c t o r  e lectr ical  wiring  and receptacles ( f i g .  9 )  
r e  i n s t a l l e d   i n   t h e   l i v i n g / d i n i n g  area. This  type  wiring may be i n s t a l l e d  
RECEPTACLE 
RECEPTACLE 
RECEPTACLE 
CORNER MOLD 
BASEBOARD MOLD 
BASEBOARD 
OUTSIDE 
SOLDER TAB 
CORNER MOLD 
Snap-on cover  baseboard  ystem Receplacle with  rimp or solder lab 
Figure  9.- F la t  conductor  cable  (FCC) . L-79-4213 
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after wall cons t ruc t ion  is f i n i s h e d  to permit f l e x i b i l i t y  i n  l o c a t i n g  outlets, 
make mod i f i ca t ions  easier, and allow wiring and receptacles to be removed or 
relocated r e a d i l y .  
Light-Bulb Life Extenders 
Thermistor  devices  designed to p ro long  the  no rma l  l i f e  o f  common incan- 
d e s c e n t  l i g h t  b u l b s  are i n s t a l l e d  i n  some o f  t h e  Tech  House l i g h t  f i x t u r e s  
( f ig .  1 0 ) .  These  devices,  because of t h e i r  electrical r e s i s t a n c e   c h a r a c t e r -  
istics, momentarily limit t h e  i n i t i a l  s u r g e  o f  electrical c u r r e n t  i n t o  a cold 
lamp, t h u s  e x t e n d i n g  b u l b  l i f e  s i n c e  f a i l u r e s  f r e q u e n t l y  o c c u r  when a l i g h t  is 
switched on. 
L-79-4209 
Figure  10.- Thermistor  l ight-bulb l i f e  extender .  
Tornado Detector 
The tornado detector, a l i g h t - s e n s i t i v e  d e v i c e ,  is encapsu la t ed  in  a 
suc t ion  cup and a t t ached  to t h e  face of a t e l e v i s i o n  picture t u b e  ( f i g .  11 ) . 
Its de tec t ion   th reshold   depends  on t h e  storm's energy  level.   Monitoring 
during a " tornado a ler t"  is done by tun ing  the  t e l ev i s ion  to an  unused  channel, 
with the screen darkened;  a tornado wi th in  a r a d i u s  of 18 miles s h o u l d  a c t i v a t e  
the  audib le  alarm s i g n a l .  
L-76-5779 
Figure  11.- Tornado detector. 
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SYSTEMS 
Structural 
Floors 
The floor structure i n  the Tech  House is comprised of prefabricated, 
modular concrete slabs supported on foundation above a 3-ft crawl space. Each 
floor section is 7 f t  by 14 f t  and  was set  i n  place wi th  a crane (fig. 12 ) .  
6 7 6 - 1  167 
Figure 12.- Prefabricated modular floor sections. 
The sections consist of 2-in. concrete plate, reinforced by welded wire fabric, 
w i t h  s t ee l  j o i s t s  as the supporting elements. The underside of the floor is 
covered w i t h  6 in. of  gypsum  foam insulation held i n  place by wire netting 
( f ig .  13 ) .  
L-76-2120 
Figure 13.- Underside of floor showing gypsum foam insulation. 
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I n t e r i o r  floor coverings  vary.  A foam-backed v i n y l  floor covering  with 
a urethane coat ing is i n s t a l l e d  i n  t h e  k i t c h e n ;  c a r p e t i n g  c o v e r s  t h e  l i v i n g  a n d  
d in ing  areas, the bedrooms, and  ha l l ;  ceramic t i l e  is i n s t a l l e d  i n  t h e  b a t h -  
rooms; and slate is used for the f r o n t  e n t r a n c e  area and  foyer.  Photographs 
made i n s i d e  t h e  Tech  House are shown i n  f i g u r e s  14, 15, and 16. 
L-76-4405 
Figure  14.- Living-room area. 
L-76-4402 
Figure  15.- Master bedroom. 
1 1  
I 
L-76-4403 
Figure  16.- Kitchen. 
Walls 
The e x t e r i o r  wall s t r u c t u r e  ( f i g .  1 7 )  c o n s i s t s  of a framework of 2- by 6-in. 
s tuds  p laced  every  24 in . ;  t hese  s tuds  are covered with 1/2-in.  sheathing and 
5/8-in. f i r  plywood 
F igure  
on the exter ior  and 1/2- in .  sheet-rock panels  on the i n s i d e .  
L-76-1561 
17.- Wall s t ruc ture  showing 2- by 6-in.  studs.  
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I n t e r i o r  wall framing members (f ig , .  18)  are 2- by 4-in. recons t i tu ted  sawdus t  
s tuds  p l aced  eve ry  16 in .   These  s tuds  have  thin w o o d  f a c i n g s  to permit  easier 
n a i l i n g .  The inter ior  wall between  the master bedroom  and  bathrooms is a pre- 
f a b r i c a t e d  s e c t i o n  c o n s i s t i n g  o f  g l a s s  f i b e r - r e i n f o r c e d  gypsum  on t h e  o u t s i d e  
and  sand  on  the  ins ide ;  the  en t i re  un i t  is cast i n  a steel frame ( f i g .  1 8 ) .  
L- 76- 1 571 
F igure  18.- Recons t i tu ted  sawdus t  s tuds  and  precas t  wall. 
Roof 
The gable roof over each section of the house is supported by a truss 
structure (fig.   19)  comprised  of 2- by 6- in .  ra f te rs  and  joists t h a t  are 
s t rengthened by 2- by 4-in.   bracing members.  The s t r u c t u r a l   f r a m i n g  is 
covered  with  1/2-in.  plywood  sheathing,  15-lb f e l t  i n s u l a t i n g  p a p e r ,  a n d  
a f inal  covering of  s tandard commercial-weight  (325-1b) a s p h a l t  s h i n g l e s  
( f i g .  1 ) .  A horizontal ,   3-f t   overhang  extends  the  roof   on  the  south-facing 
13 
L-76-1565 
Figure  19 .- Roof t r u s s   s t r u c t u r e .  
module to provide   shade   dur ing   the  summer ( f i g .  20). The south-facing  s ide  of  
each  gable  has  a s lope of  58O from the hor izonta l ,  an  angle  which  was selected 
f o r  t h e  solar pane l  f acade  fo r  this geographic  locat ion based on regional  solar 
i n s o l a t i o n  a n d  h i s t o r i c a l  w e a t h e r  p a t t e r n s .  The r e s u l t a n t  n o r t h - f a c i n g  roof 
slopes a t  approximately 22.5O from the   ho r i zon ta l .   Pas s ive  summertime coo l ing  
of t h e  a t t i c  is enhanced  by  l a rge  ven t i l a t ion  louve r s  a t  e i t h e r  e n d  of the  roof  
( f i g .  20). 
L-76-3069 
Figure  20.- Roof showing overhang and roof  vent i la t ion louvers .  
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Winduws and  Shut te rs  
The  windows and  the  g l a s s  patio door are of aluminum frame construction. 
Energy-saving features o f  t he  windows include double glazing, low-thermal- 
conduct iv i ty  separa tors  be tween inner  and  outer  par t s  of  the  f rame,  and  bui l t -  
i n  weather   s t r ipp ing .  The window pane l s  s l i de  ho r i zon ta l ly ,  one  beh ind  the  
o the r ,  to open.  Screens are i n s t a l l e d  on t h e  outside of  each  movable  pane. 
An aluminized plast ic  s h e e t  is i n s t a l l e d  o n  t h e  g l a s s  patio door to reduce 
so la r -hea t   ga in   in   the   l iv ing- room area dur ing   the  summer. R e t r a c t a b l e  
e x t e r n a l  s h u t t e r s  are provided a t  each window and may be ope ra t ed  to reduce 
win ter  hea t  loss a t  n ight  and  summer solar ga in  dur ing  the  day  ( f ig .  21 ) . 
They also i n h i b i t  n o i s e  and provide a measure  of  secur i ty  aga ins t  storms and 
i n t r u d e r s .  The s h u t t e r s  are manually operated f rom the  in s ide ,  excep t  fo r  
t h ree  o f  t he  bedroom windows which have motor-driven s h u t t e r s  (to demonstrate 
t h e  a v a i l a b i l i t y  o f  t h i s  o p t i o n ) .  
L-76-3694 
Figure  21.- Exte rna l  shu t t e r s  w i th  ro l l -up  hous ing  removed 
to show haw s h u t t e r  is s to red .  
D o o r s  and Entrances 
The f r o n t  and rear e n t r a n c e s  o f f  t h e  f o y e r  are provided with double-door 
air-lock e n t r y  v e s t i b u l e s  to minimize heat  loss in  the  win te r  and  hea t  ga in  
i n  t h e  summer. The e x t e r i o r  d o o r s  are steel clad, with a s o l i d  core of 
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insulating polystyrene foam laminated to the s teel  panels. Magnetic  weather 
stripping and  an adjustable sill w i t h  moisture barrier are used to further 
reduce heat loss or gain. Inner doors are of conventional hollow-core plywood- 
panel construction. 
Thermal Insulation 
The walls and attic floor are insulated w i t h  a urea-tripolymer foam. T h i s  
type of cellular plastic is mixed a t  the job s i t e  and sprayed into the wall and 
att ic cavities.  It is trowel finished on walls to provide a smooth face. The 
foam is approximately 5-1/2 in .  thick i n  the exterior walls and about 7-1/2 in .  
thick i n  the a t t i c  (f igs .  22 and 23). A plast ic  film vapor barrier is installed 
on the interior side of the insulation i n  both cases. 
L-76-3093 
Figure 22.- Newly installed wall insulation. 
a” 
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L-76-3072 
Figure 23.- Newly installed att ic insulation. 
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Heating and A i r  Conditioning 
The heat ing and air-condi t ioning system schematic  is shown i n  f i g u r e  24; 
for c l a r i t y ,  t h e  p i p i n g ,  drain-down l i n e s ,  and  valves are no t  shown. 
DIRECT-DUCT MAIN ELECTRICAL 
HEAT  EXCHANGER  DUCT HEATER 
COLLECTORS NIGHT 
RADIATORS 
1 COIL ~ t FIREPLACE 
HEATING/ 
t 
+ STORAGE 
I I Aux.  
I .@ 
I d - t r  
I U L  
I SUPPLY RETURN 
P WELL  WELL 
L-79-4214.1 
Figure  24.- Simpl i f ied  d iagram of heat ing and cool ing system. 
The h e a t i n g  s y s t e m  u t i l i z e s  solar energy as the pr imary source of  hea t  
energy  and is designed to provide  tha t  energy  to the house through any of three 
methods. F i r s t ,  t h e  solar-heated ho t  water can  be pumped th rough  the  d i r ec t -  
duct  heat  exchanger to h$at   the  supply a i r .  Second,  excess  solar-heated water 
can  be  d iver ted  to the  s to rage  t ank  and la ter  pumped to t h e  d i r e c t - d u c t  h e a t  
exchanger to hea t  t he  supp ly  a i r  dur ing  per iods  when t h e  Sun is no t  sh in ing .  
F ina l ly ,  so l a r -hea ted  water stored in  the  tank  can  be  used  as a source of 
energy  for  the  hea t  pumps when t h e  temperature o f  t h e  s t o r e d  water is too 
l o w  to hea t  t he  house  d i r ec t ly  b u t  is h ighe r  t han  the  t empera tu re  o f  t he  
well water . 
A s  a backup,  the  hea t  pump system is designed to  use well water as  a 
source of energy when so lar -hea ted  water is unava i l ab le  (i .e., a t  too low a 
temperature)  . Each o f  t h e  two h e a t  pumps is r a t e d  14 000 Btu/hr  for  cool ing 
and 20 905 Btu /h r  fo r  hea t ing .  In  the  case of  total  f a i l u r e  of t h e  solar and 
heat-pump system, an electric r e s i s t a n c e  d u c t  h e a t e r  is incorpora ted  to pro- 
v i d e  h e a t  to the  house.  To fur ther   supplement   the  heat ing  system, a water-coil 
g r a t e  i n  t h e  f i r e p l a c e  p r o v i d e s  a d d i t i o n a l  e n e r g y  to the  sys t em when t h e  fire- 
place is i n  u s e .  
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The design temperatures a t  which the system changes from one method of 
heating to another are as follows: 
(1 )  When water a t  llOo F or more is available, the dire&-duct heat 
exchanger is employed to transfer heat to the supply air .  The water may be 
supplied directly from the solar collectors or from the storage tank. 
( 2 )  When the temperature of the storage tank water drops below 1 loo  F and 
i f  the solar collectors do not add enough energy to the water to raise its 
temperature above l l O o  F, the storage water is used as the source water for 
the heat pumps.  When the storage-water temperature f a l l s  below the  temperature 
of the wel water (about 60° F) , the wells are used as the source of water for 
the heat pumps. 
Solar Heating 
The solar heating system consists of 16 solar panels w i t h  the necessary 
piping, valves, and  pumps to collect and transport the water for space heating. 
Control of th i s  system w i l l  be described i n  the section entitled "Instrumenta- 
tion, Measurements, and Control." 
The solar panels (fig. 3) are flat-plate, single-glazed collectors wi th  
a collection plate of s teel  covered w i t h  a selective coating to enhance effi-  
ciency. I n  addition to the 16 collector panels for space heating,  there  are 
two for domestic hot water. Nine collectors are mounted  on the south-facing 
roof of each module, w i t h  two  of the collectors on the north module used for 
domestic hot-water heating. The panels are a t  a 58O angle from the horizontal 
i n  order to collect the maximum  amount  of solar energy during the heating 
season. Each collector panel is 3 f t  wide by 8 . f t  long, giving a total  col- 
lection area of 384 f t 2  for. space heating and 48 f t 2  for domestic hot water. 
The heating-system collectors on each roof section are connected i n  parallel  
such that water supplied to  the group of collectors is divided among  them 
equally. The two parallel  groups of collectors are then connected i n  series 
so that water pumped through the f i r s t   s e t  of collectors must flow through the 
second set  before  returning to the storage tank. For freeze protection, the 
system drains  automatically when not i n  use. s 
Energy Storage 
The energy storage system consists of a 1900-gal concrete tank ( f ig .  25) 
installed underground and insulated with 2 in .  of expanded, open-cell plast ic  
insulation  material. The insulation is sealed  against ground water. The 
piping to and  from the tank is designed so that energy collected i n  the form 
of hot water is delivered to the lower half of the tank, and the supply water 
used  from the tank flows from the higher temperature region i n  the upper half 
of the tank. 
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L-76-2580 
Figure  25.- 1900-gal  underground  storage  tank. 
A i r  Condi t ioning 
For air cond i t ion ing  the  house  in  the  summer months,  the two water-source 
hea t  pumps are used  in  the  coo l ing  mode. The hea t  pumps operate by e x t r a c t i n g  
heat  energy from the house and reject ing it i n t o  t h e  s t o r a g e  t a n k  or i n t o  t h e  
we 11 sy  s tem . 
Zone Control  
The Tech House is d i v i d e d  i n t o  f o u r  h e a t i n g  and cooling zones so the heat-  
ing and air-condi t ioning system can provide condi t ioned air  to areas of t h e  
house as needed.  Energy may be  conserved by s e l e c t i v e  h e a t i n g  or cool ing  of 
the zones.  
The four  zones are shown i n  f i g u r e  26. Zone 1 i nc ludes   t he  master bed- 
roan and i ts  adjoining bathroan;  zone 2 cons i s t s  o f  t he  t w o  o the r  bedrooms; 
zone 3 is the  main  bathroam;  and  zone 4 i nc ludes  the  l i v ing ,  d in ing ,  and  
k i tchen  areas. Each  zone may be  controlled  independently.   For  example,   the 
l i v i n g  areas would t y p i c a l l y  b e  h e a t e d  or cooled only when occupied;  the bed- 
roans would be hea ted  or cooled during sleeping hours;  and bathrooms condi- 
t i oned  shor t ly  be fo re  awakening.  Control  of  the  zone  system is d e s c r i b e d  i n  
t h e  s e c t i o n  e n t i t l e d  "Zone Control of Heating and Air-conditioning System." 
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Figure  26.- Heating and air-conditioning zones.  
F i r e p l a c e  
The  Tech  House f i r e p l a c e  is made a n  i n t e g r a l  part of the heating system 
by using a water-coil g ra t e  t h rough  which heating-system water may be pumped 
so t ha t  hea t  ene rgy  from t h e  f i r e  c a n  be t r a n s f e r r e d  to the supply water. 
Combustion a i r  f o r  t h e  f i r e  is obtained  from  ducts  vented to the   ou ts ide .  A 
double-wall, steel f i r ebox  enab le s  room a i r  to be heated by c i r cu la t ing  th rough  
t h e  plenum, en te r ing  a t  t he  f loo r - l eve l  a i r  i n t a k e s ,  and ex i t i ng  nea r  t he  
ce i l i ng  th rough  the  warm-air outlets. A glass-door f i r e  s c r e e n  p r e v e n t s  room 
a i r  from e x i t i n g  up the  chimney. Features o f  t h e  f i r e p l a c e  are shown i n  f i g -  
ures 27 and 28. 
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HOT-WATER 
INLET 
L-79-4209 
Figure 28.- Fireplace water grate. 
Solar-Supplemented Domestic Hot-Water System 
The domestic hot-water system consists of a solar-heated (preheat) water 
tank, an electrically heated water tank, and  two 3- by 8-ft  solar collectors 
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of t h e  s a m e  des ign  as those  used in   the  space-heat ing  system. The t w o  collec- 
tors are located on the  south- fac ing  roof of the l iving-room/kitchen module. 
A diagram is shown i n  f i g u r e  29. 
I 
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L-79-4212.1 
F igure  29.- Solar domestic hot-water  system. 
Unl ike  the  space-hea t ing  sys tem,  the  solar domestic hot-water  system  has 
no autanatic drain-down p rov i s ions  to p reven t  f r eez ing .  In s t ead ,  a water/ 
an t i f r eeze  mix tu re  se rves  as the working f l u i d  f o r  t r a n s f e r r i n g  solar energy 
to the  water in  the  prehea t  tank .  
The prehea t  tank  is a standard 50-gal electric hot-water tank with its 
re s i s t ance  hea te r s  d i sconnec ted ;  copper tubing is coiled around the outside of 
the  inne r  water tank for t r a n s f e r r i n g  t h e  collected solar energy to the  potable 
water i n  t h e  tank. An e l e c t r i c a l l y  h e a t e d  42-gal  hot-water  tank i n  series with 
the preheat  tank provides  backup hot  water to the house.  The system is designed 
so t h a t  c i t y  water e n t e r s  t h e  p r e h e a t  t a n k ,  is heated by energy  in  the  solar- 
collector loop, t h e n  f l o w s  i n t o  t h e  e l e c t r i c a l l y  h e a t e d  t a n k  where it is stored 
f o r  use i n  t h e  h o u s e .  T h u s ,  t h e  e l e c t r i c a l l y  h e a t e d  t a n k  operates only as 
needed to  main ta in  the  preset hot-water temperature. 
Water -Reuse Sys tern 
A water-reuse system using bath and laundry waste waters to  provide toi le t  
f l u s h  water was designed a t  t h e  NASA Langley Research Center and is incorpora ted  
i n  t h e  Tech House. A schematic  diagram is shown i n  f i g u r e  3 0 ,  and a photograph 
o f  t he  in s t a l l ed  sys t em is shown i n  f i g u r e  31 . 
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L-79-421 6.1 
Figure 30.- Schematic of water-reuse system. 
L-76-3281 
Figure 31 .- Water-reuse system i n  place. 
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Canponents include a 110-gal polyethylene collection tank, a diatomaceous 
ear th  par t ic le  f i l ter ,  a shallow-well j e t  pump with integral 17-gal s teel  pres- 
sure tank, a chlorinating device, a make-up water adding valve, and an over- 
flow to dump excess waste water to the house drain pipe. 
Instrumentation, Measurements, and Control 
An extensive system of instrumentation for data collection and control is 
incorporated i n  the Tech  House i n  order to  measure its status, i ts  systems, 
operation, and the weather conditions necessary to  the control logic. These 
data are used i n  the evaluation of house performance. 
Sensors 
Two types of instruments were  mployed for data collection: ( 1 )  instru- 
ments  which display information visually for manual recording and (2)  sensors 
that  measure and transmit data for automatic recording on magnetic tape. The 
f i r s t  group includes 
0 13 water-f low meters 
0 1 W-hr meter 
0 5 elapsed time meters 
0 Various thermometers (normally used i n  the solar-system piping when 
the automatic data-recording system was  down for maintenance or 
repair) 
The second group includes a variety of sensors (flow rate, pressure, temper- 
ature, electric power, etc.) , which are summarized i n  table 1 .  For further 
details of the sensor functions, calibrations, and accuracy, the reader is 
referred to Volume I1 of this report. 
Data Collection 
Each automatic data system sensor is connected to the data-acquisition 
system. The system scans  sequentially through 100  channels (96 channels of 
data and 4 reference channels), converting the analog voltage signals into 
digi ta l  information for input to the calculator and the data-recording equip- 
ment.  Each canplete  data scan takes 16 sec. The interval between scans is 
controlled by a digi ta l  clock and can be adjusted from a few seconds to several 
hours. A scan interval of 1 min is near optimum since shorter scan intervals 
do not allow sufficient time for computer control activities and longer inter- 
vals result i n  less favorable control of the house environment. 
The data collected are recorded on magnetic tape a t  predetermined inter- 
vals. Only every tenth or fifteenth scan is recorded, which is sufficient for 
determining performance of the various systems. 
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TABLE 1 .- TECH HOUSE SENSORS 
~ ~~~ 
Automatic data-system sensors 
Measurement function 
Water f l o w  r a t e  
Gray- wa ter pump 
suct ion pressure 
Electrical power 
Water temperature 
A i r  veloci ty  
(duc t  system) 
A i r  and wall 
temperatures 
Relative humidity 
Solar rad ia t ion  
Sensor type 
Turbine 
Pressure transducer 
Hall  effect watt 
transducer 
Platinum resistance 
thermometer 
A i r  ve loc i ty  meter 
(hot-wire  type) 
Thermocouple 
(type Io 
Hydrometer 
Pyr anome ter 
Number 
used 
7 
1 
1 2  
25 
10 
39 
1 
1 
Afte r  r eco rd ing ,  t he  da t a  are conver ted  in to  engineer ing  uni t s  and  pr in ted  
for   review.  The d a t a  are then  recorded on a master magnetic tape which is used 
for producing daily,  weekly,  and monthly summaries of performance. 
Con t ro l  
The  Tech House cont ro l  sys tem u t i l i z e s  the  da ta -co l lec t ion  sys tem pre- 
v ious ly  desc r ibed ,  i n  con junc t ion  wi th  a programmable calculator and va r ious  
r e l ays .  A Tektronix 4051 c a l c u l a t o r  is the  hear t   of   the   system  and,   through 
its programmable f ea tu res ,  ana lyzes  the  inpu t  da t a ,  de t e rmines  the  bes t  operat- 
ing mode for  the house systems,  and s ignals  the r e l a y s  which control t h e  v a r i -  
ous canponents of the heating and cooling systems. 
Information may be d i s p l a y e d  i n  t a b u l a r  or g raph ic  form on a ca thode  ray  
tube  (CRT) d i s p l a y  i n  real time for  on-the-spot  monitor ing of  house condi t ions 
or for  an assessment  of  systems operation so t h a t  c h a n g e s  i n  t h e  c o n t r o l  pro- 
gram may be made i n  a t imely fashion.  
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A fail-safe mode is incorporated so that i n  the event of e lectr ical  
fa i lure  or a scheduled maintenance shutdown, control of the heating or a i r -  
conditioning system switches over to the room thermos ta t .  
A block diagram of the control system is shown i n  figure 32. 
H thermostat House  Mechanical equipment 
Nanual 
inputs 
Hard- 
unit 
. _  Y (35 channels) Control - Manual relays operation 
I t 
- 
Paper- 
recorder system printer 
magnetic  tape - data-acquisition - tape 7-track Vidar 
A + 4  4 
(100 channels) 
Sensors 
Figure 32.- Tech  House control system. 
GENERAL TECH HOUSE PERFORMANCE 
LIVE-IN TEST 
The live-in test period for the project was chosen to be  one calendar year 
to  allow the house to be tested Over  one complete weather cycle, during which 
time energy and water usage, the status of the house ‘and its energy systems, 
and the external conditions (solar radiation, temperature, etc.) were monitored 
and recorded. During the 1-yr period, a family lived i n  the,house and paid 
both rent and u t i l i t y  costs, the latter at  rates consistent wi th  those of the 
local suppliers. Their use of the house was consistent wi th  their own l i f e  
style,  with as l i t t l e  in t rus ion  on privacy by the researchers as possible. All 
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data-col lect ion and recording equipment  was l o c a t e d  apart f rom the  l iv ing  area 
of  the house;  hence,  the family was n o t  d i s t u r b e d  by t h e s e  a c t i v i t i e s  e x c e p t  
f o r  the c o l l e c t i o n  of water samples from  each water closet twice a week. The 
family t o o k  t h e s e  samples and placed them i n  t h e  g a r a g e  f o r  p i c k  up. 
LIVE-IN FAMILY 
Before  se l ec t ing  a family to l i v e  i n  t h e  Tech  House f o r  t h e  1 -yr evalu- 
a t i o n  p e r i o d ,  it was decided t h a t  t h e  f a m i l y  s h o u l d  be a middle-class household 
with two school-age chi ldren and that  the heads of  the household should be non- 
technical   in   background  and  profession.   With  these  requirements   in   mind,  NASA 
contacted  the  American  Council  on  Education (ACE). Through  an ex is t ing  program 
t h a t  p l a c e s  selected teaching  profess iona ls  in  temporary  government  se rv ice  
p o s i t i o n s  i n  a l l  parts of the  count ry ,  the  ACE was a b l e  to provide NASA wi th  
t h e  names and resumes of s i x  a v a i l a b l e  c a n d i d a t e s  who met the requirements  
p rev ious ly  cited. Fran these ,   Cha r l e s  W. ( B i l l )  Swain  and h is   fami ly ,   f rom 
T a l l a h a s s e e ,   F l o r i d a ,  were selected. D r .  Swain is a p ro fes so r   o f   r e l ig ion  a t  
Florida State  Un ive r s i ty ,  and h i s  w i f e  is a nurse  prac t i t ioner .  Both  were 
employed l o c a l l y   d u r i n g   t h e  test year .   Their   teenage  daughter   and  preteen 
son  attended local schools .  The Swain  family moved i n t o  t h e  Tech House i n  
August 1977. 
TECH HOUSE PERFORMANCE VERSUS REFERENCE HOUSE 
The g o a l  to  reduce energy and water consumption from the levels used by 
convent ional  homes required d e f i n i n g  a "conventional" house for comparative 
purposes  and  es tab l i sh ing  the  average  year ly  usage  of  energy  and  water in  such  
a house. The reference  house also needed to  be  of  comparable  size  and located 
i n  t h e  same g e n e r a l  g e o g r a p h i c a l  r e g i o n ,  i n  t h i s  case the Middle A t l a n t i c .  
- D e s c a t i o n  of  Reference House 
The r e f e r e n c e  domicile used to make annual energy- and water-consumption 
canparisons with Tech House is a composite,  comparably sized single-family 
dwelling  and is f u l l y   d e s c r i b e d   i n   r e f e r e n c e  1 .  Reference 1 is a study  of 
res ident ia l  energy consumption for  Washington-Bal t imore area homes and was 
prepared under the sponsorship of the Department of Housing and Urban 
Development (HUD) . 
The re ference-house  f loor  area, 1695 f t 2 ,  is v i r t u a l l y  t h e  same as  t h a t  
of  Tech  House.  Systems, materials, components,  workmanship,  and associated 
app l i ances  are cons is ten t  wi th  representa t ive  middle- income homes cons t ruc t ed  
i n  t h e  e a r l y  1 9 7 0 ' s  in   the  Bal t imore-Washington  metropol i tan area. A l l  energy 
systems and devices are electrical, wi th  the  notab le  except ion  of space  hea t ing  
which  employs a natural-gas ,  forced-air system. 
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Annual e lectr ical  energy consumption, as estimated for the HUD reference 
house, is presented i n  table 2. The value for space heating represents the 
equivalent electrical energy i n  kilowatt-hours as derived from the B t u ' s  
required by the gas furnace. (See ref. 1 . )  
TABLE 2 .- ANNUAL ELEClR1CA.L ENERGY CONSUMPTION 
FOR HUD REFERENCE HOUSE 
I tem 
Domestic hot water 
Space heatinga 
Air conditioning 
Base load ( l i g h t s ,  
appliances , e tc . ) 
Electrical 
energy 
kW- hr 
4 380 
a29 300 
3 600 
8 720 
Total 46 000 
awivalent  electrical energy based on B t u  
required by gas furnace (from ref. 1 1. 
Performance Comparison 
Energy 
A comparison of the electr ical  energy used during the l-yr Tech  House 
live-in test w i t h  the annual estimate for the HUD reference house  shows that 
significant reductions were achieved i n  the Tech  House. Total e lectr ical  
energy used for a l l  purposes i n  the Tech  House  was less  than half that pro- 
jected for the reference house. Canparative energy consumptions are given i n  
table 3 and i n  figure 33. 
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'ABLE 3.- ANNUAL ELECTRICAL ENERGY USE OF TECH HOUSE 
. Use 
Dmestic hot water 
Heating 
A i r  conditioning 
Base load ( l i g h t s ,  
appliances, etc.) 
VERSUS HUD REFERENCE HOUSE 
Elec t r ica l  energy  
use by HUD 
reference 
house, 
kW- hr 
T 
4  380 
29 300 
3  600 
8 720 
Electrical energy use  by Tech House 
~ _ _ _ _ _ _ _ _ _ _  
Projected 
use,  
kW- hr 
1 500 
6 000 
2  100 
5 400 
.. 
Projected 
savings, 
percent 
66 
80 
42 
38 
A c t u a l  
use ,  
kW- hr 
4 167 
6  080 
2 732 
7  277 
A c t u a l  
savings, 
percent 
a5  
79 
24 
17 
aWould be 35 percent i f  based on actual  energy required to  heat water 
(6392 kW-hr) a t  the Tech House; 4167 kW-hr of e l e c t r i c i t y ,  and 2225 kW-hr cf 
solar energy. 
h a l u e  based on electrical  energy used by HUD reference house. 
E l e c t r i c a l  
energy I 
kw-hr 
8 000 - 
7 000- 
6 000- 
5 000 - 
4 000 - 
3 000 - 
house 
House 
F i g u r e  33.- Monthly electrical  energy consumption of Tech House 
v e r s u s  HTJD reference house.  
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Sign i f i can t  ene rgy  sav ings  were r e a l i z e d  €or space hea t ing ,  a r e s u l t  of 
both the solar-supplemented heating system and the various thermal design 
f ea tu res  such  as improved insulat ion,  double-door  vest ibules ,  double-pane 
windows, window s h u t t e r s ,   i n s u l a t e d   f l o o r ,  and i n s u l a t e d  doors. Improvements 
to  the house envelope accounted for  approximately 60 percen t  of t h e  s a v i n g s  i n  
hea t ing  ene rgy  and  v i r tua l ly  a l l  the  sav ings  in  cool ing  energy .  
Solar energy provided approximately 35 percent  of the energy required to 
hea t  t he  domestic ho t  water u s e d  i n  Tech  House f o r  t h e  y e a r .  A direct  com- 
par i son  wi th  the reference house cannot  be made s i n c e  t o t a l  hot-water con- 
sumption is n o t  a v a i l a b l e  f o r  t h e  la t ter .  For t h e  Tech House, total  hot-water 
consumption for the year amounted to  29 747 gal,  or an average of about 
81 gal/day. 
Water 
Tech  House water consumption  for   the  year  totaled 61 221 gal .   This  was 
near ly  30  000 gal  less than  estimated use  for  the  year  wi thout  the  gray-water  
reuse  system  and  water-saving  f ixtures .   This   represents  a 33-percent  reduc- 
t i o n  i n  water usage, of which 24 percen t  is a t t r ibu ted  t o  the  water - reuse  
system  and  the  remainder to the   f ix tures .   Annual  water u s e  f o r  t h e  v a r i o u s  
f u n c t i o n s  is l isted i n  table  4. 
TABLE 4 .- ANNUAL TECH HOUSE WATER USE 
Water use  
~~ 
Bathing 
Dishwashing 
Laundry 
Lava tory  
Sink 
Toilet 
Miscellaneous 
I 
Water use  without 
water-savings 
features, 
g a l  
a26  671 
4 601 
12  392 
10  540 
5  548 
27  777 
3 670 
Actua l  water u s e  
wi th  water-savings 
features, 
ga l  
18 937 
4 601 
12  392 
10 540 
5 548 
b5  533 
3  670 
Total  61 221 91 199 
aEstimated. 
h e u s e d  gray water provided 22  244 g a l  of required to i le t  
f lu sh  water. 
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The cumula t ive  sav ings  resu l t ing  from the water-reuse system portion of 
the  water -sav ing  fea tures  are depic ted  i n  f i g u r e  34. 
30 000 
25 000 
20 000 
Tap water 
used, ga l  OoC 
10 ooc 
5 OO( 
Without A - reuse  system 
- 
- 
- 
reuse SySte 
1 9 7 7  1977  1978  1978  1978 
Months 
Figure  34.- Monthly flush water required and savings provided by 
reuse system  (cumulative).  
Sav ings  in  Energy and Water 
As i n d i c a t e d  i n  t a b l e  3 ,  t h e  to ta l  s a v i n g s  i n  actual e lectr ical  energy 
i n  t h e  Tech House compared with the HUD reference house amount to  an equiv- 
a l e n t  o f  25  744 kW-hr. This   equa tes  to  an  average  monthly  savings  of   near ly  
2145 kW-hr. It is to  be n o t e d  t h a t  t h e  major sav ings  in  ene rgy  result  from 
investments  in  the  thermal  design  of  the  house.  Better in su la t ion   and   o the r  
design features of  the house thermal  configurat ion account  for  approximately 
15 900 kW-hr of t h e  total annual   savings.   Solar   heat ing  and  the heat-pump 
sys tem account  for  about  7400 kW-hr of  the  sav ings ;  so la r -hea ted  domest ic  
h o t  water accounts  for some 2220 kW-hr of the  sav ings ;  t he  r ema inde r  r e su l t s  
f r a n  s a v i n g s  i n  l i g h t i n g  a n d  e n e r g y - e f f i c i e n t  a p p l i a n c e s .  
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SYSTEMS EWALUATION 
The ope ra t ion  o f  t he  fu l ly  in s t rumen ted  Tech  House  under  normal l i v i n g  
condi t ions  provided  a unique  oppor tuni ty  to  eva lua te  the  per formance  of  the  
house systems.  In  addi t ion to being able to compare the  energy  and water usage 
of the Tech House with a reference house,  a l l  other  systems can be studied to 
some ex ten t .   Th i s   s ec t ion   o f   t he  report evaluates   the  var ious  systems  and 
makes gene ra l  obse rva t ions  on the performance of each. 
STRUCTURAL 
The s t ructural  sys tem inc ludes  the  t o t a l  house envelope,  that  is, t h e  
floors, walls, roof, windows, s h u t t e r s ,  doors, en t r ances ,  and in su la t ion .  
T e s t  Method 
S ince  con t ro l l ed  cond i t ions  could not  be maintained during the evalu-  
a t i o n  period, the method used to eva lua te  the  Tech  House was (1) to  measure 
the  energy  required to hea t  the  house ,  (2) to measure t h e  wall temperatures 
and the shading effects  of  the overhang in  order to de termine  the  hea t  ga ins  
and losses through  the walls, and (3) to  in spec t  t he  cond i t ion  o f  t he  struc- 
ture and   insu la t ion  af ter  t h e  1-yr test. The e f f e c t i v e n e s s   o f   t h e  a t t i c  
louve r s  was determined by moni tor ing  the  temperature i n  t h e  a t t i c  dur ing  the  
sunmer . 
Data C o l l e c t i o n  
The fol lowing data were collected by the  au tomat i c  data system for use 
in  eva lua t ing  the  per formance  of the house envelope: 
(1 ) A t t i c  temperatures  
(2) Outside a i r  temperatures 
(3) Wall temperatures (measured a t  each wall exposure a t  t h e  i n s i d e  
s u r f a c e  o f  t h e  i n s u l a t i o n ,  a t  a point  halfway through the 
insu la t ion ,  and  a t  t h e  outside surface of t h e  i n s u l a t i o n )  
( 4 )  I n s i d e  room a i r  temperatures  (measured a t  t h e  floor, a t  t h e  
ce i l i ng ,  and  a t  an  in t e rmed ia t e  l eve l  i n  each  room) 
Performance 
The r e l a t i v e l y  small amount of energy required for heating and cooling 
i n d i c a t e s  t h a t  t h e  s t r u c t u r e  and  thermal  envelope performed well. Except 
f o r  i n s u l a t i o n  d e g r a d a t i o n ,  t h e r e  were no known problems wi th  structural  
canponents. 
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The structural features of a house are passive i n  that they influence 
energy requirements b u t  do not themselves consume energy.  These features 
include  doors, windows, shutters, skylight, louvers, and insulation, as well 
as other architectural features such as overhangs, orientation, and exterior 
color. The orientation and general layout of the house also have  a signif- 
icant impact on energy demand and, i n  t h i s  case, was designed to limit solar 
gain  during  the summer while maximizing solar gain  during  the  winter. Because 
of the s i t e  dimensions, the north- and south-facing walls are shorter than the 
east- and west-facing walls. Normally, these dimensions should be reversed  for 
energy efficiency; nevertheless, because of the overall design features, the 
energy efficiency of the house was quite good. 
The effect  of the south-facing window overhang can be noted from the 
measured exterior-wall  temperatures.  Typical 24-hr temperature variations 
for each exterior wall are shown i n  figure 35 (for December 27, 1 977) and 
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(a) North-wall temperatures. 
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(d)  West-wall temperatures. 
Figure 35.- Outside and wall temperatures on  December 27, 1977 (clear day). 
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figure 36 (for  July 21,  1978), w i t h  ambient air  temperatures superimposed. The 
plots i n  figure 36 indicate that i n  the summer, south-wall temperatures were 
kept relatively low  by the shading effect of the roof  overhang. The east and 
.a. 
0 
(a) North-wall temperatures. 
I20 1 4 0 L  
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80 
- 
6ol 40 
20 
1 1 1 1 1 1 1 1 1 1 1 1  
0 2 4 6 8 1 0 1 2  2 I ,  6 8 1 0 1 2  
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(c) South-wall temperatures. 
I Outside a i r  temperature 
2 Outer-wall temperature 
b Interior-wall cemperature 
3 Xiddle-wall temperature 
(b)  East-wall  temperatures. 
(d) West-wall temperatures. 
Figure 3 6 . -  Outside a i r  and wall temperatures on July 21 , 1978 (clear day). 
west walls, which were virtually unprotected from the Sun and which i n  summer 
were subjected to exposure periods at  least  as  long as the south face, experi- 
enced much higher afternoon temperatures. I n  winter, wi th  a low Sun elevation 
angle, the south wall is only sl ightly shaded by the overhang, as is indicated 
by the  wall-temperature data for December 27 (fig. 3 5 ) .  
Thermal cycling of the walls during the course of the year was expected 
to  have  some effect on insulation. Following the live-in test, the  insulation 
was inspected for evidence of  change  or deterioration. 
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Photographs of t h e  wall i n s u l a t i o n  t a k e n  30 months af ter  i n s t a l l a t i o n  are 
shown i n  f i g u r e s  37 to 40. Some s h r i n k a g e   a n d   s e t t l i n g  are e v i d e n c e d   i n  a l l  
! I 
i . .  
L-78-6364 
F i g u r e  37.- I n s u l a t i o n  i n  west wall. 
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F i g u r e  38.- I n s u l a t i o n  i n  n o r t h  wall. 
'M :,- 
L I 
L-78-6537 
36 
c 
, .  . .  . 
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Figure 39.- Insulation in south wall. 
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F i g u r e  40.- I n s u l a t i o n  i n  east wall. 
walls. Shrinkage was most s e v e r e  i n  t h e  west wall ( f i g .  37); t h i s  correlates 
w i t h  t y p i c a l l y  h i g h  west-wall summer temperatures ,  as shown i n  f i g u r e  36. I n  
a d d i t i o n  to  t h e  v i s u a l  i n s p e c t i o n ,  i n t e g r i t y  o f  t h e  wall i n s u l a t i o n  was moni- 
tored by infrared  thermography. The  thermograms (see Volume 11)- show an 
average  shr inkage  of  approximate ly  7 p e r c e n t  f o r  t h e  walls inspec ted  by t h i s  
method. Although  the  shrinkage  and  cracking was more than expected, the  over-  
all h e a t i n g  e n e r g y  r e d u c t i o n  i n d i c a t e s  t h a t  t h e  foam insu la t ion  per formed 
s a t i s f a c t o r i l y  d u r i n g  t h e  test  per iod.  
The l a r g e  a t t i c  louve r s  p roved  e f f ec t ive ;  a t t i c  tempera tures  d id  not  rise 
more than 6O F above  the  outs ide  a i r  temperature dur ing  the  summer months. I n  
t h e  w i n t e r ,  however, it was necessary  to close o f f  n e a r l y  80 percent  of  the  
louver  area to p r e v e n t  f r e e z i n g  o f  t h e  solar-collector d r a i n  l i n e s .  
The s h u t t e r s  were no t  eva lua ted  unde r  con t ro l l ed  cond i t ions ;  however, they 
were e f f e c t i v e  i n  r e d u c i n g  summertime solar g a i n  when used.  Correspondingly, 
i n  t he  win te r  mon ths ,  ene rgy  sav ings  r e su l t ed  by a l lowing  sun l igh t  i n  by day 
and closing shu t t e r s  and  shades  a t  n i g h t  to reduce heat  losses. 
The s k y l i g h t  was e f f e c t i v e  i n  p r o v i d i n g  v e n t i l a t i o n  d u r i n g  t h e  s p r i n g  a n d  
f a l l  months.   During  winter,   the  heat losses appeared g rea t e r   t han   t he  solar 
gain  although  no  measurements were made. I n  the summer, it was necessary  to 
i n s t a l l  a plexiglass  sheet  faced with aluminized mylar  below the skyl ight  to 
reduce the solar h e a t  load. 
General  Observat ions 
To allow 6 i n .  o f  i n s u l a t i o n ,  t h e  wall was cons t ruc ted  of  2- by 6-in. 
s t u d s  on  24-in. cen te r s .  The wal was designed to be  equ iva len t  i n  s t r eng th  to 
convent iona l  walls cons t ruc ted   o f  2- by  4-in.  studs  on  16-in.  centers.  There 
has  been no indicat ion of unevenness or waviness  of  the  in te r ior  dry-wal l  pane ls  
due t o  the  add i t iona l  d i s t ance  be tween  s t u d s .  
The roof  des ign  has  been  sa t i s fac tory ,  a l though there  is some concern 
about snow accumulation. The d e s i g n  p r o v i d e s  f l a t  areas between modules of 
the  house  where snow can  accumulate or d r i f t .  Snow also can accumulate on 
t h e  s o u t h  window overhang. This was n o t  a problem dur ing  the  test  period 
s i n c e  snow was a lways  quick ly  removed;  however, i n  some s i t u a t i o n s ,  it could 
be a problem and should be cons ide red  in  the d e s i g n ,  p a r t i c u l a r l y  i n  t h o s e  
reg ions  which exper ience  moderate to  heavy snowfall. 
The windows and doors o p e r a t e d  s a t i s f a c t o r i l y  a n d  posed no problems. 
The double-door entrances were a n  e f f e c t i v e  h e a t - l o s s  b a r r i e r ;  v e s t i b u l e  
temperatures were u s u a l l y  1 Oo to 15O F cooler t h a n  t h e  l i v i n g  areas during 
most of   the  heat ing  season.  The large s l i d i n g  glass d o o r s  i n  t h e  l i v i n g  
room were found to  induce  d ra f t s  wh ich  a f f ec t ed  pe r sona l  comfor t  i n  t he  
immediate area. I t  is clear t h a t  large glass patio doors can  be  cos t ly  
energy  users .  Loca t ing  such  doors  on  the  south  side of  the house would 
permit b e n e f i t s  from winter  solar ga in ,  p rov ided  tha t  some method (such as 
drawn drapes)  is a v a i l a b l e  to  reduce  hea t  losses a t  n igh t .  
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The sky l igh t  can  p resen t  a s i g n i f i c a n t  e n e r g y  d r a i n  i n  both winter and 
summer. Without   double   glazing or s u i t a b l e  i n s u l a t i o n ,  the hea t  losses i n  
win ter  are h igh .   In  sunnner, t h e  solar gain  through the s k y l i g h t  adds con- 
s i d e r a b l y  to the  a i r - cond i t ion ing  load. 
HEATING AND AIR CONDITIONING 
Method of  Operat ion 
Zone Cont ro l  of Heating and Air-conditioning System 
The heat ing and air-condi t ioning system supplies condi t ioned  a i r  to  t h e  
house to comply wi th  a time-of-day and a day-of-week s c h e d u l e  t h a t  was com- 
patible wi th   t he   l i f e s ty l e   o f   t he   f ami ly .  The house is d i v i d e d  i n t o  f o u r  
zones, each of which  can be cont ro l led  independent ly ,  wi th  the  except ion ,  of  
cour se ,   t ha t   coo l ing  and hea t ing   cannot  take place a t  t h e  same time. Sensors  
i n  e a c h  zone  provide  the data for system  control .  Figure 26 shows t h e  floor 
p lan  of the house with the zone boundaries superimposed. 
Bas ica l ly ,   the   house  is zoned i n t o  l i v ing   and   s l eep ing  areas. The' sleep- 
ing area was f u r t h e r  s u b d i v i d e d  i n t o  z o n e s ,  as ind ica t ed .  A l l  zones were 
heated t o  about 68O F when occupied and to about 60° to 65O F when n o t  i n  use.  
A hea t ing  and coo l ing  schedule was developed to meet the needs of the family.  
During the winter months,  the low-temperature limit was set 65O F so t h a t  t h e  
morning warmup time was not   prolonged.   After   the  middle of March, t h i s  was 
reduced t o  60° F a t  n ight .  F igures  41 and 42 show t h e  c o n t r o l l e d  temperature 
ranges for  the zones.  
(a) Living-roan  and  kitchen zo e.  (b) Bedroom zones. 
F igure  41 .- Weekday zone control  limits. 
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(a) Living-room  and kitchen zone. 
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(b) Bedroom zones. 
Figure 42.- Weekend  zone control limits. 
Mode  of Operation of Heating and Air-conditioning Equipment 
The heating system can supply warm air  to the  house either from the  heat 
pumps or through the direct-duct heat exchanger ( f i g .  24) .  The heat pumps use 
either storage-tank water  or well water as a source of energy, whereas the 
direct-duct heat exchanger depends on the solar collectors, the fireplace coil, 
or the  storage tank for its hot-water source. Some  of the modes  of operation 
can be used simultaneously to  provide a versati le heating system w i t h  enough 
redundancy to greatly reduce the need for backup electr ic  heat. 
The operating modes available are summarized i n  t h e  following paragraphs 
(the indicated mode  numbers merely indicate relay numbers i n  agreement w i t h  
the control program  and  have  no other significance to this report). A l i s t i n g  
of the canputer program is included i n  Volume I1 of t h i s  report. 
Mode 2 - Collection and Storage of Solar Energy 
Water is pumped from the storage tank, through the solar collectors, 
and  back to the storage tank. 
Modes 2 and 5 - Collection of and Heat With Solar Energy 
Water is pumped  from the storage tank, through the solar collectors, 
to the direct-duct heat exchanger, and  back to  the tank. Blower fans 
provide airflow to transport the heat to the rooms as required by the 
zone controls. 
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Modes 11 and 1 2  - Heating With Heat Pumps  (mode 11 is for heat 
m o d e  12 is for heat pump 1 )  
1. Before February 2,  1978 
Heat pump 1 supplies heat to the house as required by the 
The water source for this heat pump is the well. Fans i n  
distribute heat to  the house. If heat pump 1 is not able 
pump 2 and 
zone controls. 
both heat pumps 
to  supply 
adequate heat to the house, then heat pump 2 provides supplemental heat. 
Heat pump 2 ut i l izes  water from the storage tank as its source of energy. 
2.  After February 2,  1978 
Both  heat pumps operate together with source water supplied from the 
wells. Fans i n  both heat pumps distribute the heat to the house as 
required by the zone controls. 
Mode 1 (Manual) - Fireplace 
When there is a f i r e  i n  the fireplace, water is pumped from the storage 
tank, through the fireplace water grate, and returned to  the storage 
tank;  or it is pumped  (modes 1 and 5)  through the direct-duct heat 
exchanger to the tank, w i t h  the heat-pump fans distributing the heat to 
the house as required by the zone controls. 
Mode 5 - Heating From the Storage Tank 
Hot water is pumped through the direct-duct heat exchanger from the 
storage tank. Fans i n  the heat pumps distribute the heat to the house 
as required by the zone controls. 
Modes 1 1 , 12,  and 1 4  - Air Conditioning 
The heat pumps provide cooling to the house as required by the zone 
controls. The well supplies water flowing f i r s t  through the direct- 
duct heat exchanger to  precool the return air  and then through the 
heat pump to  remove the heat rejected by the heat pumps. 
Data Collection 
During the year the family lived i n  the house, data were collected by two 
means.  The automatic system collected data on the operation of the solar col- 
lectors, heat pumps,  and storage tank. From August 15,  1977, u n t i l  January 7 ,  
1978, data were recorded every 15 min. Fran January 7,  1978, u n t i l  the tes t  
was completed, data were recorded every 1 0  min. In  addition to data recorded 
by the automatic data system, daily meter readings 
the running times of major equipment and the to ta l  
A l i s t ing  of these data is given i n  Volume 11. 
were taken and recorded of 
power usage of the house. 
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Tables 5 to 7 are a sumary of  the  performance  for  the  heating  and  air- 
conditioning  system.  Table 5 summarizes  the  heating  requirements of the  house 
'ABLE 5.- TECH HOUSE HEATING REQUIR-TS AND SYSTEM PERFORMANCE DATA 
Month 
Qct. 1977 
Nov. 197; 
Dec. 1977 
Jan. 1977 
Feb. 197E 
Mar. 197E 
Apr. 197E 
May 197f 
Tota l  
Potal energ! 
requ ired ,  
B t u  
0 .78  x l o 6  
3 .74  
9 .46  
11.82 
11.68 
6 . 8 4  
1 . 4 5  
. 5 8  
46.35 x l o 6  
"" ~ ____ 
Total solar I 
available, Month 
energy 
BtU 
Oct. 1977 
14 .13  Mar. 1978 
1 4 . 7 6  Feb. 1978 
13 .38  Jan. 1978 
10 .64  Dec. 1977 
9 . 9 8  Nov. 1977 
1 0 . 8 5  x l o 6  
Apr. 1978   14 .26  
Maya 1978  7.31 
Total 95.31 x l o 6  
> i r  ect s o l a r  
p r  t i o n ,  
Btu 
0 . 7 8  x l o 6  
2 .07  
2 .67  
3.61 
-~ 
5.81 
2 .25  
1 . 3 1  
.46 
- ~~ 
18.96 x l o 6  
~ 
so lar  por t ion  
through 
heat  pump, 
Btu 
0.37 x l o 6  
1 . 3 4  
1 . 6 3  
3 . 3 4  x 106 
Heat pump 
port ion   ( so la ]  
and nons01  ar ) , 
B t U  
1 .67  x l o 6  
6 . 7 9  
8.21 
5 .87  
4 .59  
.14  
.12 
27.39 x 106 
TABLE 6 . -  SOLAR-COLLECTOR PERFORMANCE DATA 
4 4 . 2  
6 6 . 6  
7 2 . 3  
6 9 . 7  
1 1 . 9 5  81 .o 
9 . 7 8   6 9 . 2  
9 . 4 0   6 5 . 9  
2 1 . 3  
61 .16  x l o 6  b61 . 2  
-~ 
~1 ~ 
Collected 
olar energy, 
BtU 
~ 
- 
2 . 9 6  x l o 6  
3 . 9 9  
4 . 6 9  
5 .86  
7 . 7 0  
5 .96  
5 . 4 4  
.83  
- 
System energy usage 
S o l a r ,  
kw- hr 
95 .9  
160 .3  
132 .3  
197 .4  
262.5 
151.2 
151 .2  
28 .7  
1179.5 
Heat pump, 
kW- hr 
9 8 . 3  
359.0 
1224.6 
1382.3 
997.0 
667.9 
87.1 
9 2 . 0  
4908.2  
irray efficiency Operational collector 
(collected solar/ efficiency (collected 
total solar), solar/operational solar) 
percent 
" 
percent 
2 7 . 3  61 . 6  
40 .O 60 .O 
44.1 61 .O 
4 3 . 8   6 2 . 8  
52 . 2   6 4 . 4  
4 2 . 2   6 0 . 9  
38 .1   57 .9  
1 1 . 4  53 . 2  
Wnly first 1 9  days of May. 
%slue based on total operational energy/total  solar  energy. 
CValue based on total collected solar  energy/total  solar  energy. 
dValue based on total collected solar  energy/operational  solar  energy. 
43 
'ABLE 7.- STORAGE-SYSTEM DATA 
0 
Energy to 1 
Month storage,  
Btu 
O c t .  1977 
. 8 3  Maya 1978 
5 .37  Apr. 1978 
5 .20  M a r .  1978 
5.68 Feb. 1978 
4 .84  Jan. 1978 
3 .76  Dec. 1977 
3 .99  Nov. 1977 
2.76 x l o 6  
Total 1 32.43 x 1 O6 
0 
Inergy from 
storage , 
Btu 
0 .92  x l o 6  
2.07 
2 .88  
4 .09  
4.07 
1 . 4 9  
.07 
.45  
6 . 0 4  x l o 6  
0 
Monthly change 
in stored energy, 
Btu 
-0.34 x 106 
-. 54 
- .12 
+. 21 
+. 02 
+. 51 
-. 08 
-. 52 
-1.26 X 106 
T 
Storage e f f i c i e n c q  
(@;a), 
percent 
21 
38 
73 
89 
72 
38 
0 
0 
b49 
Average 
temperatures 
of storage,  
OF 
138.2 
116.1 
95.7 
8 6 . 4  
97 .5  
103.5 
126.7 
103.0 
c108 .4  
- 
aOnly f i r s t  19 days of May. 
bValue  based on totals of (0 + @)/a . 
CValue average of numbers i n  column. 
during the tes t  period and lists the sources of energy that were used to meet 
these requirements. Table 6 presents the performance of the collector array. 
Included are total solar energy available, operational solar energy available 
(solar energy available while collectors are operating), collected solar 
energy, array efficiency (percent collected of total solar energy available) , 
and the operational collector efficiency (percent collected of available solar 
energy during time collectors are operating). Table 7 is a tabulation of the 
data on the storage system energy w i t h  the calculated storage efficiencies. 
Performance 
The performance of the heating and air-conditioning system has been eval- 
uated by two methods. The f i r s t  compared the performance of Tech  House w i t h  
a reference house, as described i n  the section on general Tech  House perfor- 
mance.  The second, described  here,  reports how the  various systems performed 
i n  the Tech  House. T h i s  includes the performance of the heat system as a whole, 
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as well as the performance of its subsystems (i.e., collector a r r a y ,  storage 
tank,  heat  pumps, f i rep lace ,  and  zone  cont ro l  sys tem) .  
The space-heating system provided a l l  t he  hea t ing  r equ i r emen t s  fo r  t he  
house from t h r e e  sources: 
(1 ) Sola r  ene rgy  (d i r ec t  use)  
(2) Heat pumps ( supp l i ed  by water from the wel or by solar-heated water) 
(3)  F i r e p l a c e  
Solar  energy  and  the  hea t  pumps pravided most t h e  t h e  h e a t i n g  f o r  t h e  
hc-se. The f i r e p l a c e  was no t  u sed  enough  during the l i v e - i n  test to eva lua te  
it as part of  the  overa l l  sys tem;  ins tead ,  a separate test  o f  t h e  f i r e p l a c e  was 
c o n d u c t e d  a f t e r  t h e  f a m i l y  moved o u t .  
The prefer red  (and  most economical) mode of hea t ing  the  house  was wi th  
so la r -hea ted  water c i r cu la t ing   t h rough   t he   d i r ec t -duc t   hea t   exchange r .  The 
summary of  the  sys tem per formance  in  tab le  8 c l e a r l y  shows t h a t  h e a t i n g  w i t h  
solar energy was more e f f e c t i v e  t h a n  u s i n g  the h e a t  pumps. 
TABLE 8.- SUMMARY OF HEATING-SYSTEM PERFORMANCE 
I kW-hr Input’ I o $ ~ ~ ’  I Qutput/Input 
I Heat pumps I 4 900 1 8 000 I 1.63 
1 Solar heat I 1 180 I 5  500 I 4.66 
I ~ Total  I 6 080 1 13 550 I a2. 23 
aValue  based on to ta l  ou tput / to ta l  input .  
The t a b u l a t i o n  shows t h a t  t h e  total  hea t  requi rement  for  the  l ive- in  year  
was 13 550 kW-hr. To o b t a i n  t h a t  amount  of  energy  from  the  heat pumps and  the 
solar system combined required that 6080 kW-hr of energy be purchased from the 
u t i l i t y  to d r i v e   t h e  pumps, fans ,   and compressors. The monthly  heating  energy 
requi rements  dur ing  the  hea t ing  season  are r e p r e s e n t e d  i n  f i g u r e  43; also shown 
are t h e  amount of monthly heating provided by solar energy and the amount t h a t  
could have been supplied from solar wi th  an  idea l ized ,  100-percent -e f f ic ien t  
s torage tank.  
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Figure 43.- Tech  House heating requirements. 
Collector-Array Performance 
37. 4,$'fi2 B t u  or 80.7 percent of the energy required to heat the Tech House. 
During October and  November 1977, and April and May 1978, more energy was col- 
lected than was required to heat the house. The overall efficiency of the 
solar collectors was 39 percent (table 6 ) .  The efficiency of the solar collec- 
tor is determined by the percent of available solar energy that is collected. 
However, it m u s t  be noted that some  of the time, the available solar energy 
was not adequate to heat the panels sufficiently to activate the control sys- 
tem.  (The temperature of the panels had to be loo F hotter than the water i n  
the storage tank to turn the system on.) An alternate method to calculate the 
solar-collector efficiency discounts a l l  periods when the available solar 
energy was not sufficient to turn the system on. Calculated i n  t h i s  way, the 
efficiency was 61.2 percent. 
the heating season, the 384 f t 2  of solar collectors collected 
Storage-Tank Performance 
The heating system util izes a 1900-gal concrete underground insulated 
storage tank to store heated water for use by the home  when solar energy is 
not available. The storage tank provides about 1 5  800 B t u  (about 4.6 kW-hr) 
of energy to the house for each Fahrenheit degree drop i n  the stored-water 
temperature. The system is controlled so that the house  can be heated w i t h  
stored hot water when the temperature i n  the storage tank exceeds 95O F. 
Water can be stored up t o  approximately 150° F, and a t  this temperature, the 
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storage system w i l l  p rovide  about  38 hr  of  hea t  for  the  house  when t h e  outside 
temperature is about  20° F. If the  stored-water  temperature is between 90° F 
and 120° F (which is normal during cold weather ) ,  the  tank  can  supply  up to 
17 hr of h e a t  i n  20° F weather.  During the cold winter  months of t h e  l i v e - i n  
test, t h e  storage tank  provided  hea t  on  sunny d a y s  u n t i l  e a r l y  morning 
(3:OO a.m. to 6:OO a.m.) and returned about 77 pe rcen t  o f  t he  stored energy 
to  the  house.  However, during November and  March, the  sys tem only  de l ivered  
38 percent   o f  its s tored   energy  to the  house.   This   t rend,  shown i n  table 7,  
i n d i c a t e s  t h a t  t h e  t a n k  p r o v i d e d  e f f i c i e n t  s t o r a g e  f o r  s h o r t  periods but  inef -  
f i c i e n t  s t o r a g e  f o r  l o n g  periods when heat ing needs were r e l a t i v e l y  small. 
Zone Control System Performance 
Much of  the  eva lua t ion  of  the  zone  cont ro l  sys tem is s u b j e c t i v e  i n  n a t u r e .  
During the l ive - in  test, temperatures in  the house and the energy required to 
hea t   the   house  were recorded. However, it is d i f f i c u l t  to determine  which 
mode o f  d i s t r i b u t i n g  h e a t  was more e f f i c i e n t  b e c a u s e  e x a c t  h e a t i n g  c o n d i t i o n s  
do not  repeat themselves.  The fo l lowing   observa t ions   concern ing   the   zone  
cont ro l  sys tem can  be made: 
(1)  When the zone control  system was i n  o p e r a t i o n ,  t h e  temperature o f  t he  
house s tayed within 2O F of t h e  c o n t r o l  p o i n t s  i n  a l l  c o n t r o l l e d  areas. 
(2)  When the zone control  system was n o t  i n  o p e r a t i o n ,  temperatures i n  
some parts of  the  house  var ied  as much as loo F from set point.  Without zone 
con t ro l ,  t he  sys t em p rov ided  hea t ing  th roughou t  t he  house  un t i l  t he  coolest 
room was heated to  set  po in t ,  caus ing  o the r  areas to be overheated by as much 
as 1 Oo F a t  times. 
(3)  The bathroom  zone could n o t  be heated independently because the heat 
pumps would not  operate wi th  the  small quan t i ty  o f  a i r  f lowing  through the  hea t  
exchangers to  the one heat ing o u t l e t  i n  t h e  bathroom. 
( 4 )  The l i v i n g  room and kitchen areas required a warmup time of about 1 hr  
during very cold weather with a night t ime set back to 65O F in  the  win te r  and  
to 60° F i n  t h e  s p r i n g .  
(5) The zone  control   system,  under   cer ta in   condi t ions,   adversely  affected 
the  opera t ion  of  the  hea t  pumps. Without a l l  zones  open,  the  heat pumps would 
n o t  operate for  longer  than  10  min before  being turned off by a p r o t e c t i o n  
device   wi th in   the   un i t s .   This  occurred because some zones d id  n o t  r e q u i r e  h e a t  
and, hence,  the volume  of a i r  th rough  the  hea t  pumps was i n s u f f i c i e n t  to t r ans -  
f e r  t h e  e n e r g y  f r a n  t h e  heat-pump coil to t h e  a i r .  Consequently, a p r o t e c t i v e  
device  would  turn  the  hea t  pump o f f  to prevent  damage to t h e  u n i t .  
Heat-Pump Performance 
The h e a t  pumps provided 59 percent  of  the  energy  requi red  to hea t  t he  
house. The 27.39 x lo6 Btu  of  output  energy  provided by the  hea t  pumps is 
equ iva len t  to 8000 kW-hr. The total  input   energy   requi red  to operate both 
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the hea t  pumps and the well pump was 4900 kW-hr; t h e r e f o r e ,  t h e  hea t  pumps 
de l ive red  1 .63 kW-hr of energy to  the house for each kW-hr of  input  energy 
requi red  to operate it. 
For t h e  a i r  condi t ion ing ,  the  well pump and h e a t  pumps required 
2100 kW-hr of   input   energy.  The t o t a l  h e a t  t h a t  was removed  from the  house 
( o u t p u t  energy from the heat  pumps) was n o t  measured because the instrumen- 
t a t i o n  s y s t e m  d i d  no t  provide a means o f  measu r ing  the  l a t en t  hea t  removed 
for humidi ty  control .  A s i g n i f i c a n t  par t  of  the  cool ing  was done by pre- 
coo l ing  the  r e tu rn  air wi th  the  well water before  pumping it through the  hea t  
pumps. (See f i g .  24 .) The d i rec t -duc t   hea t   exchanger   cool ing   reduced   the  
r e t u r n  a i r  temperature about  loo F, thus  p rov id ing  5000 to 7000 Btu/hr of 
precooling. This method of precool ing  wi th  well water inc reased  the  o u t p u t  
of the cooling system by an estimated 20 to 25 percen t .  
Genera l  Observa t ions  
The fo l lowing  genera l  observa t ions  were made concern ing  the  opera t ion  of 
the  hea t  pumps in  con junc t ion  wi th  the  solar heating system and the zoned d i s -  
t r i bu t ion  sys t em.  
(1)  Use of a zone control system reduces t h e  amount of a i r  be ing  de l ivered  
to the  house,  which  has  an  adverse affect  on  heat-pump opera t ion .  The hea t  
pumps de l ive r  t he i r  ene rgy  to the  a i r  stream through the  hea t  exchangers  tha t  
make up t h e  heat-pump  condenser. I f  the a i r f l o w  is n o t  s u f f i c i e n t  to condense 
the  h igh -p res su re  r e f r ige ran t  as f a s t  as t h e  compressor supplies it to t h e  con- 
denser ,  the  pressure inc reases  a t  t h e  o u t l e t  o f  t h e  compressor and actuates a 
sa fe ty  swi t ch  which t u r n s  t h e  u n i t  off. There is also a n  i n c r e a s e  , i n  i n p u t  
power requirements  with  reduced  airflow. When the   hea t  pump k i c k e d  o f f ,  it 
could restart o n l y  a f t e r  a l l  power to t h e  u n i t  was turned off  and then turned 
back  on again.  Figure 44  shows t h e  e f f e c t  o f  a i r f l o w  on  heat-pump  performance. 
As can be seen by the  curve ,  the  cceff i c i en t  o f  pe r fo rmance  (COP) of  the  hea t  
pump is adverse ly  affected by a reduct ion of  air  flowing through the system. 
The COP is the  energy  de l ivered  by the  hea t  pump d iv ided  by the  input  energy  
required t o  aperate it. 
I t  was de termined  tha t  the  problem from reduced a i r f l o w  could u s u a l l y  be 
avo ided  i f  t he  supply of well water to  t h e  h e a t  pumps was l imi ted  proport ion-  
a te ly .   In   addi t ion ,   the   cont ro l   sys tem was reprogrammed to monitor  the power 
consumption  of  the  heat pumps. I f  one or both compressors k i c k e d  of f  whi le  
i n  use,  t h e  u n i t  was disengaged for  several  minutes ,  and then turned back on. 
With these  modi f ica t ions ,  the  hea t  pumps operated wi thou t  fu r the r  problems 
from the zone control .  
(2) I t  was i n i t i a l l y  i n t e n d e d  that t h e  h e a t  pumps be suppl ied  by solar 
energy when the  temperature of  the stored water was less than 1 loo F bu t  
g rea t e r   t han   t he  temperature of t he  well water. Solar-heated water was used 
to supply par t  of  the energy to the  hea t  pumps during November, December, and 
January. However, water ho t t e r   t han   t he  well water had t h e  same ef fec t  on 
the  hea t  pumps as reduced a i r f l o w .  I n  fact ,  water ho t t e r  t han  85O F could 
n o t  be used a t  a l l  w i thou t  t r i pp ing  the  heat-pump sa fe ty  swi t ch .  As a r e s u l t ,  
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Figure 44.- Effect of  zone heating on heat-pump performance. 
solar-heated water was subsequently used to supply only one heat pump,  and that 
heat pump  was used only when a l l  zones required heat. 
Further experience indicated that any attempt to use solar-heated storage 
water as source water for the heat pump results i n  practical operational prob- 
lems. Use  of water from the storage tank to supply the  heat pumps reduces the 
temperature of the storage t a n k  below that required to heat the house directly. 
The storage tank m u s t  then be reheated before solar energy can be used to heat 
the house directly. I t  is possible to use all available solar energy  through 
the heat pumps w i t h  no direct solar heating of the house. Evaluation of a l l  such 
options indicated the preferred operation is to  use solar-heated water and the 
storage-tank water for direct solar heating and to use only well water for the 
heat pumps. I n  this way, the overall coefficient of performance is better, 
primarily because the required pumping energy is less. I n  addition, the heat 
pumps as designed cannot effectively use source water a t  temperatures greater 
than about 80° F. 
The air-conditioning system was designed to use nighttime radiators as 
an integral part of the cooling system. Heat energy removed  from the house 
by the heat pumps  would  be  dumped into the storage tank, elevating the water 
temperature. A t  n igh t ,  the water from the tank would  be  pumped through the 
radiators to cool the water for the next day's operation. The radiators are 
aluminum, flat-plate solar collectors without glass covers and are mounted  on 
the north-facing roof of the garage without back insulation. N o  means  was 
provided to prevent air from circulating around the underside of the radiators. 
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Tests performed on the radiators showed that they w i l l  cool to about 70 F 
below the outside a i r  temperature on cold, clear winter nights, and to about 
4O F belaw outside air temperature i n  the summer, w i t h  no water flow through 
them. W i t h  water flowing through the collectors, they reject only 7000 to 
10  000 Btu /hr ,  which is too low to be used economically. Further study is 
necessary to determine i f  a more practical method of heat rejection can be 
employed. 
The fireplace, although thought to have considerable potential as a source 
of heat to  the house, was not used extensively during the live-in test .  As a 
result, there are little data on its operation; however, tes ts  were conducted 
on the fireplace after the 1-yr live-in test was completed. Based on these 
data and experience during the live-in tes t ,  the following observations are 
made : 
(1 ) The outside a i r  vents provided adequate a i r  supply to the fireplace 
for proper combustion. 
(2) The water-coil w o o d  grate was able to collect a large percentage of 
the heat energy produced. Figure 45 shows the amount  of energy collected dur- 
ing a 2-hr test. The graph shows that about 35 000 Btu/hr were collected by 
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Figure 45.- Fireplace water grate output for 2-hr test .  
water flowing through the grate. During the tes t ,  the fireplace was burning 
an average of 25 lb/hr of dry oak logs. This amount  of dry oak w i l l  produce 
about 150 000 Btu /h r ,  to give an estimated efficiency of .23 percent for the 
grate alone. The efficiency of the fireplace water grate is d i f f icu l t  to  
determine w i t h  a high degree of accuracy. The estimate of the amount  of wood 
burned is s l i g h t l y  h igh  since the unburned wood a t  the end  of the tes t  was not 
measured. It is estimated that only about 15 percent of the w o o d  remained 
unburned . 
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(3)  The double-walled fireplace shell provided enough energy to  heat the 
l i v i n g  roan and kitchen areas to 75O F when the outside temperature was 40° F. 
HOwever, the family indicated that the heat delivered to the living room  made 
that roan too warm. T h i s  reason, cmbined w i t h  the fact  that  the pump supply- 
ing the water co i l  had to  be turned off manually after use of the fireplace, 
discouraged its frequent use. The requirement that the pump be s h u t  off can 
easily be eliminated by a design change. 
( 4 )  The glass doors on the fireplace were considered satisfactory i n  pre- 
venting the loss of  room air  up the chimney without any appreciable adverse 
effect on the aesthetic qualities of the fireplace. 
DOMESTIC WATER 
Solar-Supplemented -11- Domestic Hot  Water 
Method  of Operation 
The solar-supplemented domestic hot-water system ( f i g .  29) operates i n  the 
following manner: 
(1)  When the surface temperature of the solar collectors is loo F above 
the water temperature i n  the preheat tank, the solar collection system (pump) 
is turned on automatically and remains on for a minimum of 5 min. 
(2) If the temperature of the water i n  the collectors is less than that 
i n  the preheat tank, or i f  the temperature r i se  of the water after flowing 
through the collectors is less than 2O F, the pump turns off automatically. 
(3 )  C i t y  water enters the preheat t a n k  as hot water is used from the 
electrically heated  tank. The cold ci ty  water is heated as it passes through 
the solar preheat tank, t h u s  supplying the electrically heated tank w i t h  water 
preheated by solar energy. 
( 4 )  When the temperature of the water i n  the e lectr ical ly  heated tank 
drops below the set point of its thermostat, the water is heated electrically.  
Data Collection 
Data consisted of information supplied by the automatic data-collection 
system, daily readings of the running time of the resistance heaters i n  the 
electrically heated hot-water tank, and the total quantity of hot water used. 
Detail listings o€ the sensors, their accuracies, and the meter readings are 
included i n  Volume I1 of t h i s  report. 
Table 9, a summary  of the 1-yr live-in test, shows the monthly use of hot 
water, the energy required to heat the water, and what portion of that energy 
was pravided by solar heat. The losses i n  the piping from the solar collectors 
to the storage tank are not known.  The performance of the system was deter- 
mined by calculating the energy required to heat the water, including tank 
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TABLE 9.- WMESTIC EOT-WATER SYSTEM PERFORMANCE 
Month 
~~ 
Aug. 197; 
Sept.  197; 
Oct. 197; 
Nov. 197; 
Dec. 1977 
Jan. 1978 
Feb. 1978 
Mar. 1978 
Apr . 1978 
May 1978 
June 1978 
July 1978 
Rug. 1978 
Total 
Amount 
used , 
g a l  
1  77 
2 04C 
2  046 
1  911 
2  232 
2 889 
2  608 
2  952 
3  031 
3  111 
2  774 
1  508 
1  343 
!9 622 
Average 
city-water 
temperature 
OF 
81 
79 
62 
60 
50 
44 
41 
45 
56 
'6 1 
72 
77 
81 
62 
Aver age 
hot-water 
:emperatwe, 
OF 
135 
133 
135 
138 
135 
140 
140 
137 
125 
125  
125 
125  
125 
132 
~ 
remperaturt 
d i f f erence ,  
OF 
54 
54 
73 
78 
85 
96 
99 
92 
69 
64 
53 
48 
44 
69 
~~ 
&erg1 
to heal 
water 
kW-hr 
(a) 
154 
268 
360 
354 
408 
676 
629 
662 
509 
485 
358 
176 
144 
5  183 
" 
- 
Tank 
l o s s ,  
kW-ht 
- (b) 
52 
-1  04 
108 
1 04 
1-0 8 
108 
97 
108 
104 
1  08 
104 
52 
52 
209 
-
__ 
Total 
energy 
required 
kw-hr 
(C) 
206 
372 
468 
4  58 
51 6 
784 
726 
770 
61  3 
593 
462 
228 
196 
6  392 ~- 
-~ 
Electrica 
kW-hr 
energy, 
143 
130 
370 
4  50 
431 
591 
497 
545 
360 
346 
199 
99 
68 
4  229 
" . . 
. . 
Solar 
energy, 
percent 
Jf to t& 
31 
65  
34 
2 
16 
25 
32 
29 
41 
42 
57 
57 
65 
35 
__ 
aCalculated,  not  including  storage losses. 
bEstimated-based on hours of operation per month of conventional hot-water' heater.  
q a l c u l a t e d .  
losses, and then subtracting the known electrical  energy supplied to the con- 
ventional hot-water tank. The difference is the  solar-energy  contribution. 
Performance 
The cumulative total  energy required for the year for domestic hot water 
and the savings resulting from solar energy are plotted i n  figure 46. Energy 
savings pravided by solar heating amounted to  35 percent, somewhat less than 
predicted. Factors contributing to the lower percentage were undersized 
solar-collector panel area and  an undersized preheat tank for. the greater than 
anticipated daily usage of hot water, which  was occasionally over 100 gal/day. 
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Figure 46.- Danestic hot water system energy use. 
The monthly electr ical  energy requirements 
and without solar augmentation, are represented 
for domestic hot water, w i t h  
by bar chart i n  figure 47. 
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Figure 47.- Domestic hot-water system energy required. 
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Although hot-water usage varied from month to month, t h e  v a r i a t i o n s  i n  e n e r g y  
use resu l t  p r imar i ly  f rom seasonal  changes  in  tempera ture  of  the  incoming tap 
water. The month ly   energy   f rac t ion  supplied by solar energy  (shaded area) is 
i n d i c a t i v e  o f  t h e  amount of s u n s h i n e  a v a i l a b l e  for t h e  month. The weather 
during November 1977,  for ins t ance ,  was ra iny  or o v e r c a s t  f o r  v i r t u a l l y  t h e  
e n t i r e  month. 
General  Observat ions 
The l i f e s t y l e ,  h a b i t s ,  a n d  s c h e d u l e  of a family have a s i g n i f i c a n t  e f f e c t  
on t h e  e f f i c i e n c y  of a solar domestic hot-water  system.  Unlike  heating of 
the house,  where weather is the governing factor, hot-water demand, i n  terms 
of quan t i ty ,  i n f luences  the  ene rgy  required by the  hot-water  system.  Moreover, 
wi th  a solar-supplemented system, the time o f  d a y  t h a t  h o t  water is used is 
very  cr i t ical  to the  ene rgy  sav ings .  For example, i f  h o t  water is used  during 
t h e  d a y l i g h t  h o u r s ,  t h e  water in  the  p rehea t  t ank  can  no rma l ly  be rep len ished  
and  reheated by the solar collectors. If,  however,  hot-water  use occurs pre- 
dominant ly  in  the  evening ,  the  prehea t  water is soon depleted, and a l l  addi- 
t i o n a l  h o t  water used that  day must  be heated convent ional ly .  The s i z i n g  o f  
the  prehea t  tank  and  solar-collector area, t h e r e f o r e ,  is ve ry  impor t an t  i n  
order to op t imize  the  inves tmen t  fo r  d i f f e ren t  families and d i f f e r e n t  
l i f e s t y l e s  . 
Typical performance data for t h e  solar hot-water system are depicted i n  
f i g u r e s  48 to 53 f o r  t h e  period of March 15 to March 17,  1978. Figures  48 
to 50 show t h e  d a i l y  v a r i a t i o n  o f  water t empera tu re  in  the preheat   tank.  The 
rapid temperature drops shown are normally associated w i t h  f a m i l y  r i s i n g ,  
a r r i v i n g  home, or r e t i r i n g   h o u r s .   F i g u r e s  51 to 53 show t h e  amount of solar 
energy collected during each of  the above three days.  The plots c l e a r l y  i n d i -  
cate t h a t  March 15 was a good solar day, March 16 was very p o r ,  and  March 17 
cr 
0 
40 I I I I   I I  I I I l l 1  
0 2 4 6 8 1 0 1 2 2 4 6 8 1 0 1 2  
Noon 
Time 
Figure  48.- Temperature  in  solar preheat  tank on March 15,  1978. 
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was general ly  good  up to 2:OO p.m., followed by cloud cover which reduced the 
co l lected  energy for  the  remainder of the day. 
r 
0 2 4 6 8 1 0 1 2 2 4 6 8 1 0 1 2  
Noon 
T i m e  
Figure  49.- Temperature in solar preheat  tank  on March 1 6 ,  1978. 
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Figure 50.- Temperature in  so lar  preheat  tank on March 17, 1978. 
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Figure 51 .- Energy collected by the domestic hot-water solar 
collectors on March 15, 1978. 
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Figure 52.- Energy collected by the domestic hot-water 
solar collectors on March 16,  1 978. 
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Figure 53.-  Energy collected by the domestic hot-water solar 
collectors on  March 17,  1978. 
Water-Reuse System 
Method of Operation 
The guideline for u s e  and evaluation of the water-reuse system throughout 
the  l-yr tes t  period was that family living habits were not to  be changed to  
enhance  system performance. The house  plumbing was arranged to permit  easy 
changeover to city tap water i n  the event of unsatisfactory performance or 
failure. 
I n  the normal operational mode, waste bath waters (two tubs wi th  showers) 
and waste laundry waters were gravity drained into the collector tank located 
i n  t h e  crawl space under the house floor. These  waste waters were chlorinated 
i n  the collector tank w i t h  ordinary laundry bleach, passed through a diatoma- 
ceous ear th  f i l ter ,  and stored i n  a pressure tank for use as f l u s h  water for 
the two toilets.  The water required for the commode water closets was supplied 
from the pressure tank, which operated between 20 and 40 psig. When the tank 
pressure f e l l  below 20 psig, the pump pressure switch triggered the pump, which 
sucked water from the collection tank through the diatomaceous ear th  f i l ter .  
Thus, the waste waters made only one pass through the f i l t e r  before being used. 
T h i s  operational procedure was a compromise of t h e  90- and 120-min circulating 
f i l t r a t ion  period found to  be optimum during previous laboratory research 
experiences (ref. 3). A single pass through, upon  demand  by the commode water 
closets, greatly simplified operations and system assembly. 
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C h l o r i n a t i o n  was selected as t h e  means for e l i m i n a t i n g  coliform organisms 
i n  t h e  waste water. C h l o r i n a t i o n  had  proved  ef fec t ive  dur ing  the  labora tory  
tests and could be supplied i n  t h e  form of laundry bleach, which is r e a d i l y  
a v a i l a b l e  a t  the  supe rmarke t .  Dur ing  the  f i r s t  5 months  of   the   l ive- in  test, 
bleach was added by using the weight of incoming waste waters t o  open a plug 
i n  t h e  end of a plast ic  tube tha t  dra ined  b leach  f rom a c o n t a i n e r  i n  t h e  u t i l i t y  
roan. This  method  proved d i f f i c u l t  to control,   however,   and was subject to 
f a i l u r e  modes tha t  e i the r  p reven ted  b l each  f rom en te r ing  the  t ank  or empt ied  the  
e n t i r e  b l e a c h  r e s e r v o i r  i n t o  the tank.  During  the l a s t  7 months,  bleach was 
added by using the weight of incoming water to close a microswi tch  tha t  t r ig -  
gered a small pump which pumped bleach from a r e s e r v o i r  on t h e  side of t h e  col- 
l ec t ion   t ank .  The i n t e n t  o f  e i t h e r  t e c h n i q u e  was to have  bleach  (chlor ine)  
added i n  t h e  proper p ropor t ion  to incoming waste water a t  the  time of collec- 
t ion ;  however, t h i s  was compromised because  there  were t w o  incoming drain l ines ,  
and the weight-sensing device could on ly  be placed under one because of crawl- 
s p a c e  c l e a r a n c e  l i m i t a t i o n s .  The d r a i n  t h a t  d e l i v e r e d  t h e  l a u n d r y  water and 
water from  one  tub/shower was used. When t h e  volume of water i n  t h e  t a n k  f e l l  
below 10 gal ,  an automatic  make-up u n i t  would d e l i v e r  t a p  water to the  collec- 
t ion  tank .  
Clean-out  and  recharge  of  the  d ia tomaceous  ear th  f i l t e r  was i n i t i a t e d  when 
pump suc t ion  on  the  f i l t e r  hous ing  r eached  20 in.  of  mercury (1 0 p s ig )  . The 
clean-out  was accanplished by backwashing through the support discs upon manual 
movement of a b u i l t - i n  l e v e r  arm which, when moved, changed the d i r e c t i o n  o f  
f low in  the  hous ing  by changing  va lve  pos i t ions .  
During t h e  f i r s t  4 months of o p e r a t i o n ,  t h e  backwash water was p u l l e d  
through  the j e t  pump d i r e c t l y  from the  col lect ion  tank.   This   technique  proved 
u n s a t i s f a c t o r y  s i n c e  it b rough t  un f i l t e r ed  water i n t o  t h e  pump j e t  nozzle.  
Hair f r a n  t h e  waste water caused pump fa i lure  and required maintenance. After 
4 months, the plumbing was changed to permit backwash water to flaw from the 
pressure   t ank ,  after passing  through  the diatomaceous f i l t e r .  I n  t h i s  opera- 
t i o n a l  mde, u n f i l t e r e d  water d id  n o t  e n t e r  t h e  pump, and the pump d id  not need 
to run  during backwash. In   both modes of ope ra t ion ,  t he  backwashed material 
was piped to a porous l i n e n  bag which captured the powder and p a r t i c l e s  f o r  la ter  
d i s p o s a l  i n  a dry  condi t ion .  The r e c a s t i n g  of a new f i l t e r  cake was accomplished 
by pouring a diatmaceous e a r t h  s l u r r y  i n t o  a r e s e r v o i r  v a l v e d  i n t o  t h e  s u c t i o n  
side of t h e  f i l t e r  h o u s i n g .  Each r e c a s t i n g  of t h e  f i l t e r  r equ i r ed  1-1/8 l b  of 
f i l t e r i n g  material. 
Data C o l l e c t i o n  
A l l  f i x t u r e s  a n d  a p p l i a n c e s  i n  t h e  Tech  House were monitored with standard 
ro t a ry -d i sc  water meters. I n  a d d i t i o n ,  t h e  water f l o w  i n t o  and o u t  o f   the  
water-reuse system was metered. C o l l e c t i v e l y ,  t h i s  meter a r r a y  permitted a 
water-use h i s t o r y  of t h e  Tech House fami ly  for  the  1-yr  period. S p e c i f i c  meter 
l o c a t i o n s  were as fo l l aws :  
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Meter 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
Location . 
Dishwasher,  hot 
Ki tchen  s ink ,  ho t  
Kitchen  s ink,   cold 
Bath,   hot 
Bath,   cold 
Wash machine,  hot 
Wash machine, cold 
Lavator ies  ( 2 ) ,  h o t  
Lavator ies  (2 )  , co ld  
Tap water make-up to reuse  
Total f l u s h  water to closets ( 2 )  
Main househo ld  l i ne  
The meters were a l l  p l a c e d  i n  t h e  crawl space under the house and were read and 
recorded every Monday morning. 
Samples for determining water q u a l i t y  were taken each Monday and Thursday 
morning f r an  the  co l l ec t ion  t ank  and  from  one  of  the water closets., They were 
c o l l e c t e d  i n  s t e r i l e  p las t ic  cups, carr ied immediately to  t h e  l a b o r a t o r y  for 
processing,  and were ana lyzed  fo r  ch lo r ine  residual,  i n  t o t a l  counts/ml  and 
feca l  co l i forms/100 m l .  
Performance 
Water-use performance.- A water-use h i s t o r y  f o r  a l l  appl iances  and f ix-  
t u r e s  f o r  the 1-yr l i v e - i n  test  is g iven   i n   t ab l e   10 .  The data  have  been 
to t a l ed  and  ave raged  fo r  t he  en t i r e  367-day pe r iod  of occupancy. 'As p r e d i c t e d ,  
t h e  s i n g l e  l a r g e s t  u se  of water was f o r  to i le t  f l u s h .  The data also show t h a t  
the canbined volume of waste laundry and bath water more than  equals  the  volume 
of water r e q u i r e d   f o r  to i le t  f l u s h .  Thus, it is t h e o r e t i c a l l y  p o s s i b l e  to 
f u r n i s h  a l l  o f  t he  f lu sh  water from  bath  and  laundry waste water. This  goal 
was not  achieved ,  however. 
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TABLE 10.- HISTORY  OF  TECH HOUSE WATER USE - FIXTURES AND APPLIANCES 
r Water use 
Dishwasher,  ho 
Sink,  hot 
Sink, cold 
Bath, hot 
Bath,  cold 
Washer, hot 
Washer, cold 
Lavatory,  hot 
Lavatory,  cold 
T o i l e t s ,   c o l d  
- 
tug. 
I977 
15 
lays 
- 
-
292 
12f 
19: 
299 
388 
128 
594 
264 
52 
667 -
- 
sept .  
I977 
30 
lays 
- 
- 
346 
136 
347 
41 2 
592 
201 
962 
357 
130 
177 -
- 
3Ct. 
1977 
31 
jays 
-
- 
369 
228 
224 
722 
670 
275 
974 
506 
288 
! 386 -
- 
NOV . 
1977 
30 
days 
-
-
36C 
344 
150 
851 
520 
161 
600 
539 
326 
! 523 -
- 
)ec . 
1977 
31 
lays 
3 01 
25; 
-
-
135 
991 
552 
209 
807 
455 
275 
576 -
Volume used,  ga l  
Jan. Feb. 
1978 1978 
lays  days 
387  297 
- 
Mar. 
1978 
31 
days 
-
348 
316  250 338 
139 130  149 
257 1 283 1 355 
465  603 538 
177 168  9
591 638  756
708  496 758 
206  60358 
806  2 456 2  537 
-
Apr . 
1978 
30 
days 
-
- 
449 
31 3 
183 
I 252 
430 
21 9 
853 
846 
399 
! 196 -
1978 
Aug. July June May 
Averag Yearly 
1978  1978  1978 
31 per  da t o t a l  31 3o 
lays  days days  days 
431 
224 
12.54 4 601 249 218 553 
26.80 9 837 615 612 879 956 
6.96 2  555 141 147 276 255 
17.59 6 455 345 316 542 494 
34.01 12  482  702 643 1 335 380 
6.61 2 426 144  1 9  300 203 
8.51 3 122 160 162 266 
5771 X 1 1  361 1 6 981 19.04 
432 206 3 553 9.68 
997 2 121 1 171 1 164 27 777 75.69 
Percent 
2f dai l :  
t o t a l  
6 
4 
3 
16 
8 
3 
12 
9 
4 
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T a b l e  11 s u m m a r i z e s   t h e   a n n u a l  water-use data r e l a t i v e  to t h e  gray-water 
r e u s e  system. The reuse system was o n  l i n e  for 31 0 of t h e  3 6 7  d a t a  of occu- 
p a n c y ;   h o w e v e r ,   t h e   d a t a   i n  table 11 h a v e   b e e n   a d j u s t e d  to t h e  f u l l  367-day 
TABLE 1 1 .- SUMMARY OF WATER USE AND REUSE 
Water use Yea r ly  total ,  1 g a l  
Projected water u s e  for 91 199 
s u b j e c t  f a m i l y  
Actual water used   ( i nc ludes  
tap and  gray  water) 
Total tap water used . .  
Total g r a y  water a v a i l a b l e  
( l a u n d r y  p l u s  b a t h i n g )  
Total f l u s h  water r e q u i r e d  
Total g r a y  water reused  
Total tap water make-up for 
f l u s h  u s e  ( i n c l u d e d   i n  
t o t a l  tap water used)  
83 465 
61  221 
31 329 
27 777 
22 244 
5 533 
Average per day, 
gal 
~ 
248 
227 
167 
85 
76 
61 
15 
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per iod .  A s  shown, 22 444 g a l  of   the  27 777 gal  r e q u i r e d  f o r  to i le t  f lu sh ing  
were suppl ied  by the  gray-water reuse system. The d a t a  also i n d i c a t e  t h a t  a l l  
f l u s h  water could have been supplied by g ray  water s i n c e  a total  gray-water 
volume of  31 329 g a l  was ava i lab le .   Unfor tuna te ly   100   percent   o f   th i s  volume 
was no t  co l l ec t ed  because  of losses t h a t  r e s u l t e d  from the re la t ionship  be tween 
co l lec t ion- tank  volume  and fami ly  water-use hab i t s .  When l a r g e  volumes  of waste 
waters are produced in  a shor t  pe r iod  of time without  reuse demand, which  draws 
down the  volume i n  t h e  c o l l e c t i o n  t a n k ,  some water is lo s t  to overflow. The 
110-gal collection t a n k  was found to be s l i g h t l y  u n d e r  optimum s i z e  f o r  t h e  
four-member fami ly   us ing   the  Tech House. A s l i g h t l y  larger tank  (e.g.,  135 gal)  
would  have s i g n i f i c a n t l y  improved t h e  water savings.   Other losses of water 
occurred when backwashing  the f i l t e r  and when c l ean ing  the  co l l ec t ion  t ank .  I t  
is n o t  l i k e l y  t h a t  t h e s e  l a t te r  t w o  losses can be p reven ted ,  bu t  fo r tuna te ly  
they are not  la rge .  
Water quality.- Reclamation of the bath and laundry gray water to a 
qual i ty   approaching  tap water was not   requi red .   Objec t ives  were to remove 
v i s i b l e  s o l i d s ;  to p reven t  odors; to  ho ld  tu rb id i ty ,  color, and  foaming to 
a e s t h e t i c a l l y  a c c e p t a b l e  l e v e l s ;  and to e l imina te  hea l th  hazards  due  to pos- 
s i b l e  p r e s e n c e  of feca l   co l i form  organisms.  The d i a t o m a c e o u s  e a r t h  f i l t r a t i o n  
d i d  a s a t i s f a c t o r y  j o b  o f  h o l d i n g  t h e  c h e m i c a l / p h y s i c a l  c h a r a c t e r i s t i c s  w i t h i n  
accep tab le  limits. A t  the   end of t he  test per iod,   the   occupant   did  ment ion 
t h a t  color changes were not iceable  dur ing  the  year  bu t  no t  of fens ive .  When 
color changes did o c c u r  due to  f ab r i c  dyes ,  t hey  d i s s ipa t ed  wi thou t  a perma- 
nent   effect .   Odors   could  have  been  offensive,   but   adequate   control  of c h l o r i -  
nat ion  techniques  prevented  the  problem.  Previous  laboratory tests proved   tha t  
too l i t t l e  c h l o r i n a t i o n  would l ead  to a put r id  odor  and  tha t  too much c h l o r i -  
na t ion  would l e a d  to a bleach odor, e i ther  of  which  would have been unaccept- 
ab le .  Tests and obse rva t ions  (refs. 3 and 4)  have   led  to t h e   c o n c l u s i o n   t h a t  
maintenance of a ch lor ine  concent ra t ion  of  approximate ly  0 .5  ppm*in t h e  commode 
water closets can prevent  unnacceptable  odors .  
Maintenance of t h e  d e s i r e d  c h l o r i n a t i o n  l e v e l  i n  t h e  water closets was 
achieved most of  the  time. The c o l l e c t e d  d a t a  show tha t  t he  sys t em ope ra t ed  
i n  a s a t i s f a c t o r y  manner; t hese  da t a  are inc luded  in  Volume 11. 
Maintenance  and repair.- I n  g e n e r a l ,  t h e  s y s t e m  o p e r a t e d  s a t i s f a c t o r i l y  
throughout the year ,  as ind ica t ed  by the maintenance and repair h i s t o r y  shown 
i n  t a b l e  12. Maintenance  events are those  needed  (although  not  scheduled) 
p e r i o d i c a l l y .  Repair even t s  are unexpected  and are u s u a l l y  t h e  result  of 
canponen t   f a i lu re .   P r io r  to  the   l i ve - in  test, it had   been   pred ic ted   tha t   the  
d i a t a n a c e o u s  e a r t h  f i l t e r  would  need to be cleaned and recasted approximately 
once per month. I n   a c t u a l i t y ,   e i g h t   f i l t e r   c l e a n i n g s  were necessary.  The 
n e e d  f o r  f i l t e r  c l e a n i n g  was determined by t h e  s u c t i o n  r e q u i r e d  to p u l l  water 
t h r o u g h  t h e  f i l t e r .  When the  suc t ion  inc reased  to 20 in .  of  Hg (1 0 p s i g )  , t h e  
f i l t e r  was cleaned.  Normal s u c t i o n  pressure with a c l e a n  f i l t e r  a p p r o x i m a t e d  
5 to 8 in.  of Hg (2.3 to 4 psig) . I t  had also been  assumed t h a t  periodic 
d ra in ing  of t h e  c o l l e c t i o n  t a n k  would s u f f i c e  to wash o u t  s e t t l e d  particles. 
Draining was adequate to  wash o u t  t h e  particles s i n c e  t h e  d r a i n  cock was a t  t h e  
lowest p o i n t  i n  t h e  t a n k ;  however, t h i s   d id   no t   adequa te ly   c l ean   t he   t ank .  I t  
became necessary to wash tank  sur faces  wi th  a s h o r t  pressure sp ray  o f  c l ean  
water. It  would be d e s i r a b l e  to occas iona l ly  w i p e  the  ins ide  of  the  tank ,  bu t  
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!lXEiLE 12.- MAINmANCE AND REPAIR  HISTORY  OF TECH HWSE 
Date 
Sept. 9, 1977 
Sept. 15 ,  1977 
Sept. 23,  1977 
O c t .  7,  1977 
Oct. 19,  1977 
Nov. 10,  1977 
Nw. 28,  1977 
Nov. 30,  1977 
Dec. 19,  1977 
Jan. 24,  1978 
Feb. 10,  1978 
Mar. 6, 1978 
apr. 28,  1978 
M,ay 16,  978 
June 16,  1978 
July 28, 1 978 
GRAY-WATER REUSE SYSTEW 
Event 
Cleaned f i l t e r a  
Opened hole/chlorinator cupb 
Cleaned collect tanka 
Cleaned pump j e t b  
Pump switch failureb 
Cleaned collect  tanka 
Cleaned f il tera 
Chlorinator failureb 
Cleaned f il tera 
Cleaned f i l t e r a  
Cleaned collect  tanka 
Cleaned f i l t e r a  
Cleaned f il tera 
Cleaned collect  tanka 
Cleaned f il tera 
pump failureb 
Cleaned f il tera 
Cleaned collect  tanka 
Cleaned collect  tanka 
Cleaned water closetsa 
T Cause 
F i l t e r  expended 
Hole plugged 
Residue buildup 
J e t  clogged 
Switch clogged 
Residue buildup 
F i l t e r  expended 
Tension cord break 
F i l t e r  expended 
F i l t e r  expended 
Residue buildup 
F i l t e r  expended 
F i l t e r  expended 
Residue buildup 
F i l t e r  expended 
Loose f i t t i n g  
F i l t e r  expended 
Residue buildup 
Residue buildup 
Residue buildup 
auaintenance item. 
h e p a i r  item. 
t h i s  was v i r t u a l l y  impossible t o  do s ince  the  t ank  was a closed cy l inde r  w i th  
only one small opening through which  one of t h e  d r a i n  pipes entered.  As noted 
i n  table 12,  t h e  c o l l e c t i o n  t a n k  was spray cleaned p e r i o d i c a l l y .  Two system 
shutdowns occurred due to component f a i l u r e ,  b o t h  i n v o l v i n g  t h e  j e t  pump, 
a l though the  pump components were no t  a t  f a u l t .  The f i r s t  fa i lure  was due to 
particles,  e s p e c i a l l y  h a i r ,  which accumulated i n  t h e  pump as a result  of t h e  
o r i g i n a l  mode of backwashing the f i l t e r ,  with unprocessed waste waters pass ing  
through  the pump. This  problem was a l l e v i a t e d  by backwashing  with f i l tered 
water from t h e  pressure tank without  backwash water flowing through the pump. 
The second pump f a i l u r e  was due to  the  loosening  of  a th readed  f i t t i ng ,  wh ich  
c a u s e d  i n a d e q u a t e  s u c t i o n  o n  t h e  f i l t e r ;  t h i s  was e a s i l y  corrected. Based on 
the system's  maintenance record and the  experience of  the monitor ing crew, it 
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is recanmended tha t  month ly  main tenance  procedures  inc lude  c leaning  the  f i l t e r ,  
rep len ish ing   the   b leach   reservoi r ,   and   genera l ly   inspec t ing   the   sys tem.  On a 
q u a r t e r l y  basis, and coinciding with a period when t h e  water l e v e l  is low i n  
the  co l lec t ion  tank ,  the  sys tem should  be  shut  down fo r  15  to 30 min whi l e  t he  
co l l ec t ion  t ank  is dra ined  and  the  walls spray cleaned. 
Expendables used.- The two expendables  in  the  reuse system were diatoma- 
ceous e a r t h  f i l t e r  media and  laundry  bleach. The f i l t e r  media was backwashed 
off t h e  carrier sc reen  discs e i g h t  times dur ing  the  year .  Each recast used 
1-1/8 l b  of d i a t a n a c e o u s  e a r t h ,  f o r  a t o t a l  of 9 l b  d u r i n g  t h e  y e a r .  The to ta l  
consumption of bleach for 310 days of  system operat ion was 4-1/2 ga l .  A f u l l  
365-day o p e r a t i o n a l  p e r i o d  would have required approximately 5 ga l .  
INSTRUMENTATION, MEASUREMENTS, AND CONTROL 
Data-System Performance 
The data system collected data au tomat ica l ly  dur ing  the  period 
test. A l l  d a t a  were recorded on magnetic tape by channel number, w 
and date of  each  scan  recorded.  During  the test, t h e r e  were only  a 
o f  t h e  
, i t h  t h e  times 
few times 
t h a t  data c o l l e c t i o n  was interrupted because of problems with the sensors or 
with  the data sys tem  i t se l f .   Problems  wi th   e i ther   the   sensors  or the   da ta -  
co l lec t ion  sys tem were easy  to detect because the house control depended upon 
the i r  ope ra t ion .  The r eco rd ing  and  r e t r i eva l  o f  t he  data d i d  p r e s e n t  a problem 
a t  times. The o n l y  time t h a t  a f a i l u r e  i n  c o l l e c t i n g  data could be detected 
was when the  data were r e t r i eved .  Data r e t r i e v a l  was done  on a weekly  schedule. 
Therefore ,  when t h e r e  was a problem, it could take seve ra l  days  to f i n d  it, and 
f o r  t h i s  r e a s o n ,  data f r a n  two periods are limited to  t h e  d a i l y  meter readings.  
These pe r iods  are t h e  f i r s t  2 w e e k s  of  the test and November 1 4  to December 2, 
1977. During  one  other period, some of   t he  data were lost ,  b u t  t h i s  amounted 
t o  on ly  one  scan  in  th i r ty .  Th i s  was caused when the  tape recorder skipped 
while   recording some of   the   scans .  However, enough data were a v a i l a b l e  to 
eva lua te  the  sys tems.  
A l a r g e  amount  of e x t r a  data was collected during the year .  These data  
are contained on magnetic tapes in  engineer ing  uni t s  and  are i n  b l o c k s  of 1 day 
each.  These  additional data can be used f o r  f u r t h e r  s t u d i e s  o f  t h e  h o u s e .  
Control-SystArn ~ ~~~ Performance  and  General   Observations 
The control system performed very well f o r  t h e  l i v e - i n  test, with only a 
s h o r t  period of errat ic  c o n t r o l  i n  e a r l y  J a n u a r y  1978 which was caused by a 
c a n p o n e n t  f a i l u r e  i n  t h e  computer. T h i s  f a i l u r e  caused t h e  computer to operate 
sane of  the systems,  even though the data  indicated they should not  be oper- 
ated. However, t hese  problems were minor,   and  the  family was unaf fec ted  by 
them. The computer was r e p a i r e d   w i t h o u t   a f f e c t i n g   t h e  t es t .  
The or ig ina l  computer  programs w r i t t e n  to. c o n t r o l  t h e  Tech House were n o t  
able to operate t h e  s y s t e m s  p r o p e r l y  d u r i n g  t h e  t r a n s i e n t  start-up periods each 
day. For example, when t h e  solar co l l ec t ion   sys t em is f i r s t  t u r n e d  on, t h e  
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panels are usually loo F hotter than water i n  the storage tank. Thus, when 
water f i r s t  reaches  the  panels, it cools them  down. As a result, between the 
time that the water cools down the panels and the hot water from the panels 
reaches  the sensors, the system is turned off by t h e  control system. m cor- 
rect this anmaly, time delays were incorporated i n  the programs to eliminate 
this transient problem. 
. .  
Another problem with the software had to  do wi th  the mode  of heating to 
be used. As f i r s t  written, the program would stop heating by solar hot water 
i f  the water temperature was  below a predetermined set  point or i f  the temper- 
ature i n  the house d id  not increase after 15 min of operation. This created 
a problem of repeatedly switching modes. I f  the water temperature was  above 
the set point b u t  the house d i d  not respond to  heating through the direct- 
duct heat exchanger, the heat pumps  would run for 1 min, and the control system 
would then try to heat by using the direct-duct heat exchanger. Th i s  was cor- 
rected by two changes i n  the program. First, instead of using room temperature 
to  determine i f  the house was being heated, the temperature of the supply a i r  
was used. Subsequently, it was determined that i f  the supply air  temperature 
could be maintained over 85O F, the house could be heated. Th i s  temperature 
was then used as the set point for switching from the direct-duct heat 
exchanger to the heat pumps. Secondly, once the heat pumps  were turned on, 
they were  used to  heat the house u n t i l  a l l  zones  were satisfied.  Then, when 
a zone needed heat again, the control system would f i r s t  attempt to heat u s i n g  
the direct-duct heat exchanger i f  the water temperature was over 90° F i n  the 
tank or i f  the water temperature of the water coming  from the solar collectors 
was  Over looo F. With these changes, the house was heated satisfactorily.  A 
listing of the program is included i n  Volume 11. Also included i n  Volume I1 
is a detailed description of  how the control po in t s  of the zone control system 
were included for both weekday  and  weekend operation and the means that were 
available to the family to override the system. 
CONCLUDING REMARKS 
The  Tech  House project demonstrated that the technology used i n  the house 
can reduce the consumption of energy and water. The use of the house by a 
family of four for a f u l l  year was a success i n  that data were collected on 
both the general operation of the various systems and the effects of living 
h a b i t s  on the house performance. Some  of the incorporated systems and items 
performed satisfactorily as designed, and others performed somewhat  below 
expectations for various reasons. I n  either case, the unique information and 
experience gained from the project provided valuable i n s i g h t  for improvements 
i n  both systems and technology. 
Total energy use a t  the Tech  House  was reduced to about one-half that 
projected for the reference house.  Although it had  been predicted that total 
energy use could be reduced to about one-third, because of available sunshine 
and other system design factors, the solar energy systems provided less energy 
than expected. I n  addition, the actual energy required for domestic hot-water 
use was approximately 40 percent greater than that projected for the reference 
house because of a higher than predicted consumption. 
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Solar  energy provided 41 percen t  (5550 kW-hr) of t h e  t o t a l  hea t ing  energy  
(13 550 kW-hr) f o r  t h e  Tech  House. Of the  total solar energy collected and 
d e l i v e r e d  t o  the underground s torage tank only about  49 p e r c e n t  was later used 
f o r  space hea t ing ,  l a rge ly  because  of tank  heat  losses. An above-ground s t o r a g e  
t a n k  i n  t h e  Hampton, V i rg in i a ,  area would be more s a t i s f a c t o r y  s i n c e  t h e  h i g h  
ground-water table c o n t r i b u t e s  to premature degradat ion of the  t ank  in su la t ion .  
Solar  energy from the domestic hot-water solar-collector system suppl ied 
approximately 35 percen t  o f  t he  total  Tech  House hot-water  requirements.   This 
percentage  was expected t o  be n e a r l y  twice as much, based on projected use of 
h o t  water. Factors c o n t r i b u t i n g  to  the  reduced per formance ,   in   addi t ion  to 
ava i l ab le  sunsh ine ,  were the larger- than-expected consumption of  hot  water and 
f a m i l y  l i f e s t y l e .  
The water-reuse system reduced annual water r equ i r emen t s  i n  the  Tech House 
by 27 percent .  Other  genera l  conclus ions  of  the  test on  the water-reuse system 
are: 
1. The concept  of  using reclaimed ba th  and laundry  waste water as a source  
of water f o r  f l u s h i n g  to i le t  is f e a s i b l e  a n d  practical. Water sav ings   can   vary  
from 25 to  40 percent,  depending on sys t em des ign  f ea tu res  and  fami ly  l iv ing  
hab i t s .  
2. Prior to  reuse, waste ba th  and laundry  water shou ld  be  f i l t e r ed  to  
improve the appearance of t h e  water and to prevent  reuse-system parts from 
becoming fouled   wi th  particles. F i l t r a t i o n  t h r o u g h  diatomaceous e a r t h  media 
is a s a t i s f a c t o r y  method. Reuse should also inc lude  a process step for  reduc-  
ing   microbio logica l   contaminat ion .   Chlor ina t ion   wi th   l aundry   b leach  is satis- 
fac tory  for  e l imina t ing  co l i form organisms in  gray-water  sys tems,  bu t  it w i l l  
n o t  t o t a l l y  s t e r i l i z e  t h e  water wi thout  leav ing  residual ch lo r ine  in  the  sys t em.  
3 .  The frequency  of  required  maintenance is acceptab le .  F i l te r  c leaning  
and biocide a d d i t i o n  w i l l  be r equ i r ed  monthly. Tank drainage  and  clean-out are 
desirable on a q u a r t e r l y  basis. 
The actual performance of the technology items dur ing  the  l ive- in  test  
is perhaps  not  as important  as what was l e a r n e d  t h a t  c a n  be used to  improve 
sys tems  and   des ign   fea tures   for   fu ture  homes. I t  is clear tha t   the   water - reuse  
system can be cost e f f e c t i v e  i n  many regions of  the country and may have  grea te r  
po ten t i a l   fo r   conse rva t ion   and   s av ings   t han   an t i c ipa t ed .  Solar ene rgy   fo r  
domestic h o t  water can also be a cos t -e f fec t ive  inves tment  over  the  expec ted  
l i f e  of   the  system  i f   s ized  and  designed  properly.  Solar ene rgy  fo r  space heat-  
i n g  c o n s t i t u t e s  a s izable  inves tment ;  therefore ,  an  economic  ana lys i s  should  
be  per formed before  ins ta l l ing  solar heat ing.  
To what degree the Tech House r e p r e s e n t s  a forerunner  of  fu ture  home 
des ign  is not  clear a t  t h i s  time. However, t h e  project has   served a prime 
o b j e c t i v e  as a c a t a l y s t  for i n c r e a s e d  i n t e r e s t  i n  new technology for  resi- 
d e n t i a l  purposes. T h i s  i n t e r e s t  is ev idenced  bo th  loca l ly  and n a t i o n a l l y  by 
v i s i t o r s  fran a l l  spectrums touring the house and the magnitude of t h e  requests 
fo r   t echn ica l   i n fo rma t ion .  Some des ign   f ea tu re s ,   such  as  more e f f i c i e n t  
u s e  of fireplace areas, have already advanced commercially beyond  what was 
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envis ioned a t  the   beginning   of   the  project. Thus, t h e r e  seems l i t t l e  doubt 
tha t ,  wi th  the  impetus  of g e n e r a l l y  predicted inc reases  in  ene rgy  costs, many 
innovative technology developments w i l l  be i n t e g r a t e d  i n t o  p r a c t i c a l  home 
design and accepted as convent ional  before  the end of  the twent ie th  century.  
Langley Research Center 
National Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
October 1 , 1 979 
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APPENDIX 
CONVERSION TABLE 
To convert from U.S. Customary Units to I n t e r n a t i o n a l  System of Uni t s  ( S I ) ,  
u s e  the  fo l lowing  table: 
To conver t  from to mul t ip ly  by 
LENGTH 
inch  
f o o t  
yard  
mile 
cent imeter  
cent imeter  
meter 
kilometer 
2.54 
30.48 
0.91 4 
1.609 
AREA 
inch squared 
foot squared 
yard squared 
cent imeter  squared 
cent imeter  squared 
meter squared 
6.45 
929.03 
0.835 
VOLUME 
f o o t  cubed 
g a l l o n  
meter cubed 
l i t r e  
0.028 
3.79 
WEIGHT 
pound  kilogram 0.454 
TEMPERATURE 
temperature OF (OF - 32)/1.8 temperature Oc 
PRESSURE 
pounds per inch squared 
inch of mercury (Hg) 
pascal 
pascal 
6895 
3377 
ENERGY 
B r i t i s h   t h e r m a l   u n i t  ( B t u )  joule 1055 
watt 
k i l o j o u l e  
Btu per hour 
k i l o w a t t  hour 
0.293 
3600 
AIRFLOW 
foot cubed per minute meter cubed per minute 0'. 283 
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